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ABSTRACT 
 
Corinne E. Zeller: Regulation of Signal Transduction by G Protein β Subunits in 
Saccharomyces cerevisiae. 
 
(Under the direction of Henrik G. Dohlman) 
 
 
All cells must be able to respond to extracellular signals and environmental changes 
by initiating appropriate cellular responses. Guanine nucleotide binding proteins (G proteins) 
are key intermediates in cellular signaling and play a role in responding to a variety of 
extracellular stimuli. The yeast Saccharomyces cerevisiae contains two G protein mediated 
signaling pathways, one for glucose sensing and a second for pheromone responsiveness.  
Yeast have many signaling pathways that are initiated and regulated in response to 
glucose, but only one is G protein mediated. In this pathway the Gα subunit Gpa2 is coupled 
to the Gpr1 receptor; upon glucose stimulation Gpa2 activates production of the second 
messenger cAMP. Heterotrimeric G proteins contain, by definition, three subunits: α, β, and 
γ. However, the Gβγ heterodimer that functions with Gpa2 to mediated glucose signaling has 
never been identified. I have shown that Asc1, a multifunctional protein that contains the 
7WD repeat domain structure of known Gβ subunits, functions as the Gβ subunit in the 
glucose signaling pathway. As with other known Gβ proteins, Asc1 interacts directly with 
the Gα in a guanine nucleotide-dependent manner, and inhibits Gα guanine nucleotide 
exchange activity. In addition, Asc1 interacts with the effector enzyme adenylyl cyclase 
(Cyr1), and functions to diminish the production of cAMP in response to glucose stimulation.
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Thus while Gpa2 promotes glucose signaling through elevated production of cAMP, Asc1 
restricts this same process.  
The RGS protein in the yeast S.cerevisiae pheromone response pathway, Sst2, is a 
divergent member of the R7 family of RGS proteins. The R7 family of RGS proteins is 
distinct from other RGS protein families because it has a unique binding partner, Gβ5 (the 
type five isoform of Gβ subunits). The Gβ5-RGS heterodimer functions like many other 
RGS proteins as a GTPase accelerating protein towards Gα subunits, but the role that the 
Gβ5 plays in this process is unknown. Therefore, I sought to determine if Sst2 has a Gβ5-like 
binding partner and if so, to use the pheromone response pathway as a tool to elucidate the 
function of the Gβ5 subunit in regulating G protein signaling. I identified the protein Prp4 as 
a candidate Gβ5 because it interacts with both Sst2 and the Gα Gpa1. However, I have been 
unable to definitively determine if Prp4 is a Gβ5-like protein.  
The Gβ subunit in the S. cerevisiae pheromone response pathway becomes rapidly 
phosphorylated upon pheromone stimulation. However, the kinase that performs the 
phosphorylation, and the functional consequences of this event, are unknown. I have used 
genetic and biochemical methods to try to determine the identity of the kinase, the specific 
sites of phosphorylation, and the functional outcomes of phosphorylation. The MAP kinase 
in the pheromone response pathway, Fus3, has been implicated as the kinase that 
phosphorylates Ste4, however direct evidence for this has been lacking. I have now shown 
that Fus3 is not the kinase; my results do indicate that the Ste4 kinase is downstream of Fus3 
signaling. 
When first identified, it was believed that the sole function of the Gβγ subunit was to 
regulate the Gα subunit, by targeting the Gα to the plasma membrane and inhibiting 
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spontaneous nucleotide exchange. Now, Gβγ subunits are appreciated as contributing to 
signaling independent of Gα subunits, through interaction with, and regulation of, unique 
downstream effectors. In recent years a number of non-traditional (or atypical) Gβ subunits 
have been identified in fungi. The results present here and the identification of other atypical 
Gβ subunits suggests that the superfamily of Gβ subunits may be far larger and more 
complex than previously recognized.
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INTRODUCTION
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G PROTEIN SIGNALING 
All cells must be able to respond to extracellular signals and environmental changes 
by initiating a proper intracellular response. Guanine nucleotide binding proteins (G proteins) 
are key intermediates in cellular signaling and play a role in responding to a variety of 
extracellular stimuli, such as light, hormones, neurotransmitters, growth factors, and odorants 
(1). Heterotrimeric G proteins function in coupling cell surface receptors with intracellular 
effector proteins to generate appropriate cellular responses to specific stimuli.  
G protein coupled receptors (GPCRs) make up a large and diverse superfamily of 
proteins that are found in all eukaryotes.  In humans, there are an estimated 800 different 
receptors (2). GPCRs are integral membrane proteins that contain seven transmembrane 
domains and transmit signals from a broad range of sensory and chemical ligands. However, 
it is not completely understood how GPCRs transmit the signal to the intracellular G 
proteins. Generally, it is thought that ligand binding to the receptor causes a conformational 
change that activates the G protein complex and triggers intracellular signaling cascades.  
The heterotrimeric G protein consists of α, β, and γ subunits and is tightly associated 
with the cell surface GPCR. When the Gα is GDP-bound and inactive it is tightly associated 
with its Gβγ heterodimer. Upon binding of agonist to the receptor, the conformational change 
in the receptor activates the Gα subunit by catalyzing the exchange of GDP for GTP. This 
results in Gβγ dissociating from Gα, allowing both to activate downstream effectors. The 
GTP is then hydrolyzed to GDP by the intrinsic GTPase activity of the Gα subunit and the 
Gβγ subunits reassociate with Gα and signaling is terminated (Figure 1.1) (3).   
 There are 23 known Gα proteins in humans and these are divided into four groups 
based on sequence identity; Gαs, Gαi, Gαq, and Gα12/13 (4).  Gα subunits regulate a diverse 
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range of downstream effectors, such as adenylyl cyclases, calcium channels, phospholipase C 
isozymes, and small G proteins. Gα subunits are targeted to the plasma membrane by a lipid 
modification located on their N-termini, a myristate and/or palmitate group (5). Structure of 
the Gα subunit is divided into two separate domains: a GTPase domain with structural 
homology to the Ras superfamily of GTPases, and a helical domain that assists in nucleotide 
binding and interactions with binding partners. Generally, the structure of Gα is rigid; only 
three regions (specific residues given are for Gαt), termed Switch I (Ser173-Thr183), Switch 
II (Phe195-Thr215), and Switch III (Asp227-Arg238), change conformation depending on 
the nucleotide present (Figure 1.2A) (6, 7).  
The mammalian genome encodes for 5 Gβ and 12 Gγ subunits; thus there are a large 
number of possible Gβγ combinations. However, not every combination that is possible has 
been found. Like the Gα subunits, the Gγ is also lipid modified, with either a farnesyl or 
geranylgeranyl group. And, also like the Gα subunits, this lipid group functions to target the 
Gβγ to the plasma membrane (5). Of the Gβ isoforms types 1-4 are highly conserved, sharing 
80% sequence identity; Gβ5 is divergent, sharing only 50% identity. The Gβγ complex is an 
obligate heterodimer; the individual subunits cannot be dissociated from each other under 
non-denaturing conditions. The Gβ subunit has two domains; an N-terminal α-helix and a C-
terminal region made of 7 WD motifs (8). The WD motif is a conserved domain 40-60 amino 
acids in length that begins with glycine-histidine (GH) and ends with tryptophan-aspartic 
acid (WD). Crystal structures of mammalian Gβ subunits reveal that the Gβ protein folds 
into a seven bladed propeller structure (β-propeller) based around the seven WD domains (9). 
Several other seven WD repeat proteins that have been crystallized also fold into β-propeller 
structures (10, 11). The Gγ subunit is made of two α-helices; the N-terminal α-helix interacts 
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with the α-helix of the Gβ to form a coiled-coil while the C-terminal α-helix interacts with 
the β-propeller domain of the Gβ. Crystal structures of Gβγ heterodimers in complex with 
Gα or with effectors have shown that the structure is rigid and does not change significantly 
upon binding with other proteins (Figure 1.2B). Like the Gα subunit, Gβγ heterodimers also 
regulate a diverse range of downstream effectors, such as calcium channels, MAP kinases, 
small G proteins, and adenylyl cyclases.  
One other protein family that plays an essential role in G protein signaling is 
comprised of the Regulators of G protein Signaling (RGS) proteins. The first RGS protein, 
Sst2, was discovered in yeast in a screen for mutants that were supersensitive to G1 arrest by 
mating pheromones (12, 13). It is now known that most RGS proteins function as GTPase 
Accelerating Proteins (GAPs) by stabilizing the GTP hydrolysis transition state of the 
Gα. The stabilization of Gα by the RGS protein greatly increases the rate at which GTP is 
hydrolyzed to GDP. This results in rapid inactivation of Gα leading to desensitization of the 
G proteins. Currently, there are over 30 known mammalian RGS proteins that are grouped 
into nine subfamilies based on their domain architecture (14). Because of their ability to 
modulate vital GPCR-mediated signaling, RGS proteins have become excellent candidates 
for new drug discovery. 
The R7 family of RGS proteins is of special interest because family members have 
been found to interact with Gβ5, the most divergent of the Gβ subunits (15). Members of the 
R7 family of RGS proteins (RGS6, RGS7, RGS9, and RGS11) are defined as having a C-
terminal RGS domain, a central GGL (Gγ-like) domain, and an N-terminal DEP 
(Dishevelled, Egl-10, Pleckstrin) domain. Presently, it is not clear why R7 RGS and Gβ5 
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proteins interact; however it has been shown that the interaction stabilizes the heterodimer 
against proteolysis (3).  
 
YEAST AS A MODEL SYSTEM 
I have used the budding yeast Saccharomyces cerevisiae as a model for studying G 
protein signaling. Yeast is an excellent model system for several reasons. First, the roles of 
the G protein signaling components are well understood. Second, there is a strong functional 
and structural homology to mammalian signaling components. Third, yeast can be very easily 
manipulated through genetics and biochemistry. Finally, only in yeast are there strain 
collections in which: (1) nearly every gene has been knocked-out (16), (2) most genes have 
been affinity tagged (17), (3) nearly every gene had been fluorescently tagged (18), (4) many 
promoters for essential genes have been replaced by a titratible promoter (19), and finally (5) 
many essential genes have been fused to a heat inducible degron cassette (20). All of these 
tools allow us to comprehensively study gene function, protein localization, and molecular 
interactions. 
 
YEAST PHEROMONE SIGNALING 
The yeast Saccharomyces cerevisiae pheromone response pathway is one of the best 
characterized G protein signaling pathways (Figure 1.3).  In yeast, there are two cell types, 
MATα and MATa. Before mating occurs the cells secrete the pheromone α-factor (MATα) or 
a-factor (MATa). The α-factor binds to the GPCR Ste2 on MATa cells, while a-factor binds 
to the complementary receptor on MATα cells, Ste3. The end result of pathway activation is 
cell cycle arrest and new gene transcription which allows for mating and cell fusion (21, 22). 
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Many mammalian signaling pathways have parallel G protein activated MAP kinase 
cascades (23). 
Upon pheromone binding, the heterotrimeric G protein, consisting of Gpa1 (Gα), 
Ste4 (Gβ), and Ste18 (Gγ), is activated and Ste4/Ste18 dissociates from Gpa1. Gpa1 then 
activates a phosphatidylinositol 3- kinase located at an endosomal membrane resulting in 
production of the second messenger phosphatidylinositol 3-phosphate (24). Ste4/Ste18 
remains at the plasma membrane and binds multiple effectors resulting in the sequential 
activation of a MAP kinase cascade consisting of the proteins Ste20, Ste11, Ste7, and 
Kss1/Fus3. The scaffold protein Ste5 assembles Ste11, Ste7, and Fus3 into a functional 
signaling complex. This pathway also contains the RGS protein Sst2, which functions as a 
GAP toward Gpa1 (22).  
 
YEAST G PROTEIN MEDIATED GLUCOSE SIGNALING 
In yeast, there are many signaling pathways activated and regulated by glucose, only 
one of which is G protein mediated. The G protein mediated glucose signaling pathway 
(Figure 1.4) is much less understood and characterized than the pheromone response 
pathway. In diploid yeast, activation of this pathways results in pseudohyphal differentiation 
whereas in haploids the yeast become invasive. These changes in growth patterns are 
initiated by changes in the nutrient status of the growth medium. In diploids, the transition to 
pseudohyphal differentiation occurs upon limitation of nitrogen (25),whereas in haploids, the 
transition to invasive growth occurs upon limitation of glucose (26) or other signals that 
cause an increase in cAMP (27). Both changes in differentiation behaviors are characterized 
by altered budding, formation of long branching filaments, as well as increased adherence 
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and invasion of the growth medium. Collectively, these altered growth patterns may help to 
direct new cells to locations of improved growth conditions.  
 Both haploids and diploids use the same cellular machinery for invasive or 
pseudohyphal growth, and is minimally comprised of a cell surface receptor (Gpr1), a Gα 
protein (Gpa2) and the adenylyl cyclase (Cyr1). All of these proteins are essential for 
glucose-induced cAMP signaling (28) and pseudohyphal differentiation (29, 30). There is 
also evidence for physical association of glucose with Gpr1 (31), Gpr1 with Gpa2 (32-34), 
and Gpa2 with Cyr1 (35, 36). The increase in cAMP caused by activation of the pathway 
promotes the subsequent activation of the cAMP-dependent protein kinase (37-42). Cyr1 is 
also directly activated by the small G protein Ras2 (43), although this activation event does 
not require Gpr1 or Gpa2 (44). A second glucose-response pathway also requires Ras2, but 
this second branch of signaling activates a MAP kinase cascade comprising Ste20, Ste11, 
Ste7, and Kss1 (45, 46). The glucose receptor in this second pathway has not been identified, 
although it does not appear to be Gpr1 and does not require Gpa2 (29, 44, 47, 48). 
 
SIGNALING BY YEAST Gβ SUBUNITS 
The research presented in the following chapters attempts to answer three outstanding 
questions regarding signaling by yeast Gβ proteins: (1) Does the glucose responsive G 
protein signaling pathway have a Gβ subunit, (2) Do yeast have a Gβ5-like protein that 
functions with the RGS protein Sst2 in the pheromone response pathway, and (3) What is the 
function of pheromone induced phosphorylation of the Gβ Ste4?  
Heterotrimeric G proteins, by definition, are composed of three subunits: α, β, and γ. 
In the yeast Saccharomyces cerevisiae it has long been known that there are two Gα subunits 
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(Gpa1 and Gpa2) but only one Gβγ heterodimer (Ste4/Ste18), which functions solely in the 
pheromone response pathway with Gpa1 (47). The Gβγ that couples to Gpa2 and function in 
glucose signaling had not been definitively identified. Two proteins that contain kelch- 
repeats, Gpb1 and Gbp2 (also known as Krh1 and Krh2), were proposed to function as the 
Gβ subunits for Gpa2 (49). However, further investigation with these proteins has shown that 
they are not Gβ-mimics but instead function to inhibit signaling downstream of Gpa2 (36, 
50-52).  
All known Gβ proteins have a specific set of characteristics and functions. They (i) 
contain 7 WD repeats, (ii) bind directly to their cognate Gα subunits, (iii) bind preferentially 
to the inactive GDP-bound form of the Gα subunit, (iv) function as guanine nucleotide 
dissociation inhibitors (GDIs) toward the Gα subunit, (v) modulate downstream effector 
proteins, (vi) in conjunction with Gγ, assist in proper localization of the Gα to the plasma 
membrane, and (vii) aid in properly coupling the Gα to the receptor (8). In an effort to 
identify the Gβ subunit that couples to the Gα Gpa2, I identified all yeast proteins predicted 
to contain the canonical 7WD repeats found in Gβ proteins (53). By searching the SMART 
(Simple Modular Architecture Research Tool) database (54) I identified 21 proteins predicted 
to have either seven WD repeats, or in some cases six repeats with an additional segment 
large enough to contain a seventh (less-conserved) WD domain (Figure 1.5).  These 21 
proteins were screened for interaction with Gpa2 using in vivo co-immunoprecipitations. Of 
the 21 proteins, I found that the protein Asc1 interacted with Gpa2 and that the interaction is 
dependent upon the activation state of the Gα protein; that is, Asc1 bound more tightly to the 
inactive Gα-GDP bound form, as it should if functioning as a Gβ. I have further shown that 
Asc1 inhibits guanine nucleotide exchange activity by Gpa2, binds to the effector enzyme 
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adenylyl cyclase (Cyr1), and diminishes the production of cAMP in response to glucose 
stimulation. Chapter 2 of this dissertation details the identification of Asc1 as the Gβ that 
functions with Gpa2 in the yeast glucose-responsive G protein signaling pathway.  
The RGS protein in the pheromone response pathway, Sst2, is similar to members of 
the R7 family of RGS proteins. The R7 family of RGS proteins are distinguished from the 
other RGS families as having not only an RGS domain, but also an N-terminal DEP domain 
and a central GGL domain that has been shown to functionally interact with the Gβ5 isoform 
of Gβ proteins (3). The function of the RGS-Gβ5 dimer is to act as a negative regulator of G 
protein mediated signaling. However, other families of RGS proteins function in the same 
manner, but perform this function without the requirement of the Gβ5 protein. Therefore, 
what is the purpose of the Gβ5? One role that seems likely is that the Gβ5-GGL dimer 
functions similarly to that of traditional Gβγ dimer; that is, it provides a surface for 
interactions with receptors, effectors, and regulatory molecules. The interaction between the 
Gα and Gβ5 then accelerates the hydrolysis of GTP and signaling is terminated.   
As stated earlier, Sst2 is similar to members of the R7 family of RGS proteins, all of 
which have Gβ5 binding partners, but no Gβ5-like protein has ever been shown to interact 
with Sst2. However, Sst2 lacks an obvious GGL domain, which forms the interface between 
the RGS and Gβ5 proteins. It has been well established that Sst2 is a GAP for Gpa1 and 
functions to attenuate pheromone signaling (55-57). Could it be that Sst2 requires a Gβ5-like 
protein for full function, but that this protein has never been identified? And, because a GGL-
domain is required for interaction with a Gβ5, is there a cryptic GGL domain within Sst2 or 
possibly a GGL-domain containing protein acting in trans? I have sought to determine (i) if 
Sst2 has a Gβ5-like partner, and (ii) the function of the Gβ5-RGS heterodimer in G protein 
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signaling by using the pheromone response pathway as a model. As in the screen for a Gβ 
that functions with Gpa2, I again screened the 21 yeast proteins with 7 WD repeats as 
identified by the SMART database for proteins that could interact with the RGS protein Sst2 
and/or the Gα Gpa1. From this screen I identified one protein, Prp4, that was able to interact 
with both Sst2 and Gpa1. However, as detailed in Chapter 3, I have been unable to 
definitively determine if Prp4 was functioning as a Gβ5-like protein due to technical 
difficulties.  
The Gβ in the yeast pheromone response pathway, Ste4, is rapidly phosphorylated on 
multiple residues upon pheromone stimulation (58). Protein phosphorylation is a post-
translational modification that functions in modulating many different cellular events; and in 
many instances phosphorylation or dephosphorylation results in proteins being turned on or 
off. Because of the important role that protein phosphorylation plays, the kinases and 
phosphatases responsible for these events are highly regulated. Three protein residues can be 
stably phosphorylated: serine, threonine, and tyrosine.  
Ste4 is phosphorylated on both serine and threonine residues. Two different double 
mutations have been identified (Ste4T320A/S335A and Ste4T322A/S225A) that do not become 
detectably phosphorylated upon pheromone stimulation. However, these mutations caused no 
discernable defects in gene transcription, mating efficiency, growth arrest, or morphology 
(59). 
In the mammalian system one example of agonist-induced phosphorylation of a Gβ 
subunit has been reported. In response to chronic morphine stimulation Gβ becomes 
phosphorylated causing a decreased ability to interact with Gα and thus increased 
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downstream signaling (60, 61). It seems likely that these are not the only examples of Gβ 
subunit phosphorylation.  
In Chapter 4, I have sought to identify the kinase responsible for pheromone 
stimulated phosphorylation of Ste4 and the functional consequences of this modification. 
Fus3 has been implicated as the kinase responsible for this phosphorylation event (59), but 
direct evidence is lacking. Based on previous studies, we hypothesized that Fus3 is 
responsible for phosphorylation of Ste4 and that loss of phosphorylation will cause defects in 
short term signaling phenotypes, such as G protein reassociation or MAP kinase activation 
kinetics. In these studies I have shown that Fus3 is required for the phosphorylation of Ste4, 
but Fus3 is not the kinase directly responsible for the phosphorylation event. 
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Figure 1.1 The G protein signaling cycle. In the ground state Gα is GDP bound and coupled to Gβγ. Agonist 
binding to the GPCR results in nucleotide exchange by Gα and dissociation from Gβγ allowing both to regulate 
downstream effectors. The Gα GTPase hydrolyzes the GTP to GDP and the heterotrimer reassociates and 
signaling is terminated. RGS proteins function to increase the rate of hydrolysis leading to faster termination of 
signaling and adaptation. 
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Figure 1.2 Crystal structures of mammalian heterotrimeric G proteins. A. Gαt, GDP bound (PDB ID: 1TAG) 
and GTPγS bound (PBD IS: 1TND) (6). Switch regions are highlighted in both structures; S1 in blue, S2 in 
orange, and S3 in pink. B. Gβγt (PBD ID: 1TBG) (9). C. Heterotrimeric complex of Gαβγt (PDB ID: 1GOT) 
(53), orientated such that membrane contact sites are on top. 
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CHAPTER 2 
 
The RACK1 Ortholog Asc1 Functions as a G Protein β subunit Coupled to Glucose 
Responsiveness in Yeast 
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SUMMARY 
 According to the prevailing paradigm, G proteins are composed of three subunits, an 
α subunit with GTPase activity and a tightly associated βγ subunit complex. In the yeast 
Saccharomyces cerevisiae there are two known Gα proteins (Gpa1 and Gpa2) but only one 
Gβγ, which binds only to Gpa1. Here we show that the yeast ortholog of RACK1 (receptor 
for activated C-kinase 1) Asc1 functions as the Gβ for Gpa2. As with other known Gβ 
proteins, Asc1 has a 7-WD domain structure, interacts directly with the Gβγ in a guanine 
nucleotide-dependent manner, and inhibits Gα guanine nucleotide exchange activity. In 
addition, Asc1 binds to the effector enzyme adenylyl cyclase (Cyr1), and diminishes the 
production of cAMP in response to glucose stimulation. Thus while Gpa2 promotes glucose 
signaling through elevated production of cAMP, Asc1 has opposing effects on these same 
processes. Our findings reveal the existence of an unusual Gβ subunit, one having multiple 
functions within the cell in addition to serving as a signal transducer for cell surface receptors 
and intracellular effectors. 
 
INTRODUCTION 
 All cells must be able to detect extracellular signals and environmental changes, and 
then mount an appropriate response to those signals. Specific stimuli include light, hormones, 
neurotransmitters, growth factors, and odorants. Guanine nucleotide binding proteins (G 
proteins) are key intermediates in cellular signaling process, by coupling cell surface 
receptors with intracellular effector proteins that generate cellular responses (7, 63). 
 The prototypical heterotrimeric G protein consists of α, β, and γ subunits and is 
coupled to a seven transmembrane receptor at the plasma membrane. Upon binding of 
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agonist to the receptor, a conformational change in the Gα subunit promotes the release of 
GDP and binding to GTP. Guanine nucleotide exchange triggers Gβγ dissociation from the 
Gα subunit, after which both components are free to activate or inhibit downstream effectors. 
The Gα subunit eventually hydrolyzes GTP to GDP, resulting in re-association of the 
heterotrimer complex and termination of signaling (7).  
 The Gβγ complex functions on many levels to promote, and restrict, signaling at the 
plasma membrane. Most Gβγ complexes help to recruit Gα subunits to the plasma membrane 
and promote coupling of the G protein to the receptor. The Gβγ also functions as a guanine 
nucleotide dissociation inhibitor (GDI) to prevent spontaneous exchange of GTP for GDP by 
the Gα. Finally, many Gβγ subunits regulate downstream effector enzymes. Gβγ subunits 
regulate a wide variety of effector enzymes including adenylyl cyclase, which converts ATP 
to the second messenger cAMP (7, 8, 64, 65). 
 The yeast Saccharomyces cerevisiae has two G protein signaling pathways. This first 
is the pheromone response pathway, which is among the best-characterized stimulus-
response pathways of any system. In this example, signaling is activated by secreted peptide 
pheromones. Cell surface pheromone receptors activate a G protein heterotrimer, in which 
the Gβγ (Ste4/Ste18) is released and activates a downstream MAP (mitogen-activated 
protein) kinase cascade at the plasma membrane (1, 21, 66). The Gα subunit (Gpa1) activates 
a distinct effector, a phosphatidylinositol 3-kinase (Vps34) located at the endosomal 
membrane (24). These signaling events cooperate to promote mating or fusion of haploid a 
and α cells to form the a/α diploid.  
 A second G protein signaling pathway mediates pseudohyphal differentiation in 
diploids and invasive growth in haploids. Both of these responses are mediated by changes in 
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the nutrient status of the growth medium. In diploids, cells transition to pseudohyphal 
differentiation upon limitation of nitrogen (25); whereas in haploids, the cells transition to 
invasive growth upon limitation of glucose (26) or other signals that cause an increase in 
cAMP (27). Both differentiation behaviors are characterized by altered budding, formation of 
long branching filaments, as well as increased adherence and invasion of the substratum. 
Collectively, such filamentous growth may help to direct new cells to sites of improved 
growth conditions.  
 The same cellular machinery is used for invasive growth in both haploids and 
diploids, and is minimally comprised of a cell surface receptor (Gpr1), a Gα protein (Gpa2) 
and the adenylyl cyclase (Cyr1). All of these proteins are required for glucose-induced 
cAMP signaling (28) and pseudohyphal differentiation (29, 30). There is also evidence for 
physical association of glucose with Gpr1 (31), Gpr1 with Gpa2 (32-34), and Gpa2 with 
Cyr1 (35, 36). The resulting increase in cAMP promotes activation of the cAMP-dependent 
protein kinase (37-42). Cyr1 is also directly activated by the small G protein Ras2 (43), 
although this activation event occurs independently of Gpr1 and Gpa2 (44). A second 
glucose-response pathway requires Ras2, but leads to activation of a MAP kinase cascade 
comprised of Ste20, Ste11, Ste7, and Kss1 (45, 46). The glucose receptor in this second 
pathway has not been identified, although it does not appear to be Gpr1 and does not require 
Gpa2 (29, 44, 47, 48). 
 Based upon sequence and structural comparison of typical G protein subunits within 
the yeast genome, there appears to be only one canonical Gβγ (Ste4/Ste18). Early research 
revealed that Ste4 and Ste18 function exclusively in conjunction with Gpa1 in the 
pheromone-response pathway (47). Two kelch-repeat proteins, Gpb1 and Gbp2 (also known 
 21 
 
as Krh1 and Krh2), were proposed to function as the Gβ subunits for Gpa2 (49). However, 
further investigation has shown that these proteins are not Gβ-mimics but instead function to 
inhibit signaling downstream of Gpa2 (36, 50-52). Using bioinformatic, genomic, 
biochemical, and pharmacological approaches we have identified Asc1 as the Gβ for Gpa2, 
and demonstrate a critical role for Asc1 in the glucose signaling pathway mediated by 
adenylyl cyclase.   
 
MATERIALS AND METHODS 
  Strains and Plasmids - Standard methods for the growth, maintenance, and 
transformation of bacteria and yeast and for the manipulation of DNA were used throughout. 
Yeast Saccharomyces cerevisiae strains used in this study were BY4741 (MATa leu2Δ 
met15Δ his3Δ ura3Δ) and BY4741-derived gene deletion mutants (Invitrogen), and Σ1278-
based invasive strain (MATa leu2Δ ura3Δ, from Joseph Heitman, Duke University) and 
Σ1278-derived gene deletion mutants. Yeast shuttle plasmids pRS315-ADH (CEN, ampR, 
LEU2, ADH1 promoter/terminator) and pRS316-ADH (CEN, ampR, URA3, ADH1 
promoter/terminator) (67) were modified by PCR amplification of the gene of interest and 
subcloned such that a FLAG (GAT TAC AAG GAT GAC GAC GAT AAG) or Myc (GAA 
CAA AAA TTG ATT TCT GAA GAA GAT TTG) epitope could be added to the 5’ coding 
sequence of any gene with a SacI site engineered in-frame with the open reading frame.  
Previously-described yeast shuttle plasmids used in this study are pAD4M-GST (67) and 
pAD4M-GPA2-GST (68). The FRE-lacZ transcription reporter plasmid was generously 
provided by Gerald Fink (69). The E. coli expression plasmids were constructed by PCR 
amplification of the ASC1 (also known as CPC2) and GPA2 coding regions and annealed 
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into gapped ligation-independent cloning (LIC) vectors pLIC-HIS and/or pLIC-GST (from 
John Sondek, University of North Carolina).  
  Purification of Proteins from Yeast - Transformed strains were grown to A600nm ~ 1.0, 
harvested by centrifugation and resuspended in FLAG Lysis Buffer (50 mM Tris pH 8.0, 150 
mM NaCl, 1 mM EDTA, 3mM MgCl2, 25 mM β-glycerolphosphate, 0.1% Triton-X100, 
protease inhibitor cocktail pellets [Roche, 1 pellet/25 ml buffer]). Cells were lysed by 
vortexing with glass beads 10 times, 30 s each, with cooling on ice for 1 min in between. 
Lysates were rocked at 4 oC for 30 min to solubilize membrane proteins, and centrifuged 
twice at 6,000 x g for 1 min and again for 30 min to remove insoluble matter. Protein content 
of the supernatant was determined by DC Protein Assay (Bio-Rad), equalized, and mixed 
with 20 μl of M2 FLAG Affinity Resin (Sigma) equilibrated with FLAG Lysis Buffer. After 
2 h of gentle rocking at 4 oC, the resin was collected by centrifugation at 500 x g for 1 min. 
Resin was washed 4 times with 1.5 ml of FLAG Lysis Buffer and bound proteins were eluted 
with 75 μl of 2x SDS-PAGE sample buffer at 100 oC for 5 min. For experiments comparing 
binding between GDP or GDP-AlF4- loaded Gα proteins, 10μM GDP or 10μM GDP with 
30μM AlCl3 and 10mM NaF, respectively, was added to the lysis and wash buffers. Samples 
were resolved by SDS-PAGE and immunoblotting with 9E10 anti-Myc (70) and anti-FLAG 
monoclonal antibodies (Sigma), in conjunction with enhanced chemiluminescence detection 
of horse radish peroxidase-conjugated secondary antibodies. 
  Expression and Purification of Proteins from E. coli - pLIC-HIS-ASC1, pLIC-GST-
ASC1, and pLIC-HIS-GPA2 were transformed into E. coli strain BL21. Overnight cultures 
grown at 37 oC from single colonies in Luria Broth containing 100 μg/ml carbenicillin were 
diluted into fresh medium to A590nm ~ 0.1 at 37 oC. Once the cultures reached A590nm ~ 0.6 
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they were transferred to 25 oC and grown to A590nm ~ 0.9. Protein expression was induced by 
addition of 25 mM isopropyl β-D-1-thiogalactopyranoside for an additional 5 h. Cells were 
harvested by centrifugation for 15 minutes at 6,000 x g. Cells expressing GST-fusion 
proteins were resuspended in GST Lysis Buffer (10 mM Na2HPO4, 1.8 mM NaH2PO4, 1 M 
NaCl, 2.5 mM KCl, 1 mM EDTA, 0.1% Triton-X100, 1 mM dithiothreitol, Protease Inhibitor 
Cocktail Pellets). Cells expressing His-fusion proteins were resuspended in His Lysis Buffer 
(50 mM Tris pH 8.0, 1 M NaCl, 0.1% Triton-X100, 15 mM imidazole, 1 mM dithiothreitol, 
Protease Inhibitor Cocktail Pellets) at 4 oC and the cells were lysed using an Emulsiflex-C5 
Homogenizer (Avestin Inc.). 50 μg/ml of DNaseI was added to the lysates and gently rocked 
at 4 oC for 30 min followed by centrifugation at 12,000 x g for 30 minutes. GST lysates were 
mixed with Glutathione Sepharose 4 Fast Flow (GE Healthcare) equilibrated with GST Lysis 
Buffer; His lysates were mixed with Ni Sepharose 6 Fast Flow (GE Healthcare) equilibrated 
in His Lysis Buffer. Lysates were incubated with beads for 2 h at 4 oC with gentle rocking. 
The beads were then loaded into a chromatography column and washed with appropriate 
buffer until the flow through contained no protein as detectable by the DC Protein Assay 
(Bio-Rad). GST-fusion proteins were eluted with GST Lysis Buffer supplemented with 10 
mM reduced glutathione, and then exchanged into Storage Buffer (50 mM Tris-Cl pH 8.0, 
150 mM NaCl, 5% Glycerol, 0.1% Triton-X100, 1 mM dithiothreitol); His-fusion proteins 
were eluted with His Lysis Buffer supplemented with 250 mM imidazole and then exchanged 
into Storage Buffer. Elution and Storage Buffers for the purification of His-Asc1 included 
25% glycerol while all other buffers contained 5% glycerol.  All buffers for the purification 
of Gpa2 included 10 μM GDP. Purified proteins were concentrated using a Vivaspin 
(Vivascience) concentrator. 
 24 
 
  In-vitro Binding Assay - Purified His-Gpa2 (final concentration 200 nM) was 
reconstituted with 10-fold molar excess GST-Asc1 in 1.0 ml Binding Buffer (20 mM Tris-Cl 
pH 8.0, 150 mM NaCl, 5% glycerol, 1 mM DTT, 3 mM MgCl2, 10 μM GDP) with or 
without 10 mM NaF and 30 μM AlCl3 (AlF4-) and gently mixed for 30 min at 4 oC. 50 μl 
Glutathione Sepharose 4 was equilibrated with Binding Buffer and then mixed with the 
protein samples for 2 h at 4 oC with gentle rocking. Beads were collected by centrifugation at 
500 x g for 1 min and washed 4 times with Binding Buffer. Bound proteins were eluted with 
50 μl 2x SDS-PAGE buffer at 100 oC for 5 min and resolved by SDS-PAGE and 
immunoblotting with anti-GST (from Joan Steitz, Yale University) or anti-His6 (Qiagen) 
antibodies.  
  Invasive Growth Assay – 5 μL of an overnight saturated culture of the indicated 
strains from the Σ1278 background were spotted onto a YPD plate and grown at 30oC for 3 
days. Total growth of strains was imaged, and then the plate was gently washed under a 
stream of water to remove non-invasive cells from the surface of the agar. The plates were 
allowed to dry briefly before re-imaging to document invasive growth.  
  GTPγS Binding Assay - 200 nM His-Gpa2 was preincubated alone or with either 200 
nM or 1 μM His-Asc1 in BODIPY Buffer (10 mM Tris pH 8.0, 1 mM EDTA, 10 mM 
MgCl2) for 30 min at 27 oC. Measurement of BODIPY FL-GTPγS (Molecular Probes, Inc.) 
binding to His-Gpa2 was determined as described previously (71). 
  Steady-state GTP Hydrolysis Assay - 200 nM His-Gpa2 was preincubated alone or 
with either 200 nM, 1 μM, or 4 μM His-Asc1 in Hydrolysis Buffer (50 mM HEPES pH 8.0, 
1 mM EDTA, 3 mM DTT, 0.025% Lubrol) for 30 min. The rate of GTP hydrolysis was 
determined as described previously (57). 
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  Transcription Reporter Assay - Strains were transformed with the FRE-lacZ reporter 
plasmid, grown in selective SCD-LEU medium overnight and then diluted to A600nm = 0.2 in 
fresh medium and grown for an additional 20 h at 30 oC. Cells were collected by 
centrifugation and washed twice with sterile water and once with MES Buffer (10 mM MES 
pH 8.0, 0.1 mM EDTA) and finally resuspended in MES Buffer and incubated for 2 h at 30 
oC with shaking. Cultures were diluted to equalize density, and 90 μl of cells were mixed 
with 10 μl D- or L-glucose at 0-100 mM final concentration, and incubated for 90 min at 30 
oC. β-galactosidase activity was measured as described previously (72). 
  cAMP Production Assay - cAMP was measured using a cAMP Biotrak EIA kit (GE 
Healthcare) as described previously (30).  
  MAP Kinase Phosphorylation Assay - Overnight cultures grown in YPD rich medium 
were diluted to A600nm = 0.2 in fresh YPD and grown for an additional 20 h at 30 oC. Cells 
were collected by centrifugation and washed twice with sterile water and once with MES 
Buffer and finally resuspended in MES Buffer and incubated for 2 h at 30 oC with shaking. 
After 2 h the cultures were treated with 100 mM D- or L-glucose and 750 μl of culture was 
collected at the indicated times by rapidly mixing with 750 μl 2x Trichloroacetic Acid Lysis 
Buffer (20 mM Tris-HCl pH 8.0, 20% trichloroacetic acid, 50 mM NH4OAc, 2 mM 
Na2EDTA) and flash frozen in liquid nitrogen. Protein was extracted as described previously 
(73) and quantified using the DC protein assay (Bio-Rad Laboratories). A total of 50 μg 
protein extracts was resolved by 12.5% SDS-PAGE and immunoblotting with p44/42 MAPK 
antibodies (Cell Signaling Technology) (74).  
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RESULTS 
 The 7-WD Repeat Protein Asc1 Interacts Directly with the Inactive form of Gα Gpa2.  
Our objective in this study was to identify the Gβ protein for Gpa2. The crystal structures of 
the mammalian Gβγ subunits of transducin revealed that the Gβ protein folds into a seven 
bladed propeller structure (β-propeller) based around 7-WD repeat motifs (9). The WD 
repeat is a conserved domain, 40-60 amino acids in length that begins with glycine-histidine 
and ends with tryptophan-aspartic acid (WD). Since all previously-identified Gβ subunits 
have the characteristic 7-WD domain structure, we began by searching for any gene product 
bearing this signature motif. We did not limit our search to proteins of unknown function, 
since WD repeat-containing proteins often have broad or even multiple functions, including 
roles in signal transduction, cell cycle control, mRNA splicing, and transcriptional repression 
(62). In yeast alone, there are an estimated 104 proteins that contain WD repeats (54). By 
searching the SMART (Simple Modular Architecture Research Tool) database (54) we 
identified 21 proteins predicted to have either seven WD repeats, or in some cases six repeats 
with an additional segment large enough to contain a seventh (less-conserved) WD domain. 
 We then considered which of the 21 candidate proteins could function in the manner 
of known Gβ proteins. In addition to their characteristic 7-WD structure, Gβ proteins (i) bind 
directly to Gα subunits; (ii) bind preferentially to the inactive GDP-bound form of the Gα 
protein; (iii) function as guanine nucleotide dissociation inhibitors; and, in most cases, (iv) 
regulate downstream signaling events (8). We initially searched for proteins able to bind to 
Gpa2 in vivo. All 21 candidates were fused to the FLAG epitope and individually expressed 
in yeast together with Gpa2 fused to GST. Each of the FLAG fusion proteins was then 
immunoprecipitated. The presence of Gpa2 in the resulting immunoprecipitates was detected 
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by SDS-PAGE and immunoblotting using anti-GST antibodies. This analysis identified two 
proteins capable of co-precipitating Gpa2: Asc1 and Prp4 (data not shown).  
 We next sought to determine if either Asc1 or Prp4 binds preferentially to the inactive 
(GDP bound) form of Gpa2. Asc1 and Prp4 were again immunoprecipitated, this time in the 
absence or presence of AlF4-. GDP-AlF4- mimics the transition state for GTP hydrolysis, and 
induces a conformation resembling that of the activated Gα protein (7). In this comparison, 
Prp4 bound equally to both the active and inactive forms of Gpa2, and was eliminated from 
further consideration. In contrast, Asc1 bound almost 4-fold more Gpa2-GDP than Gpa2-
GDP-AlF4- (Figure 2.1A). Thus Asc1 binds preferentially to the inactive form of Gpa2, in the 
manner of known Gα-Gβ interactions. 
 Having shown that Asc1 binds preferentially to inactive Gpa2, we sought to 
determine if the interaction is direct. To this end we purified GST-Asc1 and His6-Gpa2 from 
E. coli, and reconstituted the proteins in the presence of GDP or GDP-AlF4-. Asc1 was then 
re-purified by glutathione affinity chromatography, and any co-purifying Gpa2 was detected 
by immunoblotting with anti-His6 antibodies. As shown in Figure 2.1B, Asc1 binds directly 
to Gpa2, and binds preferentially to the inactive (GDP-bound) form of the protein.  
 Disruption of Gpr1 or Gpa2 activity has been reported to impair specific growth 
behavior phenotypes, including diploid pseudohyphal and haploid invasive growth (29, 30). 
As we have shown that Asc1 interacts directly with Gpa2 we sought to establish whether 
ASC1 deficient strains have a phenotype in a Gpa2 signaling pathway, and to rule out the 
possibility of functional redundancy with another Gβ-like protein. Therefore, we examined 
the ability of asc1Δ cells to sustain the invasive growth response. Figure 2.1C shows that 
ASC1 is required for invasive growth. As has been shown previously, GPR1 (30), GPA2 
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(52), and STE12 (75) are likewise required for invasive growth. In contrast, the wild-type and 
rgs2Δ strains are invasive. These results show that Asc1 both interacts with Gpa2 and is 
important in Gpa2-mediated signaling.  
 Asc1 Functions as a Guanine Nucleotide Dissociation Inhibitor. Having shown that 
Asc1 binds, in the manner of known Gβ subunits, to Gpa2, we next sought to characterize 
Asc1 biochemically. Gβ proteins inhibit the spontaneous exchange of GTP for GDP on their 
cognate Gα. To determine if Asc1 has the same function towards Gpa2, we measured the 
rates of GTP binding and hydrolysis. In the absence of receptors, the rate limiting step in the 
GTPase cycle is the release of GDP (7, 76); thus if Asc1 reduces the spontaneous rate of 
GDP release, the rates of GTP binding and hydrolysis should be correspondingly diminished. 
 We first determined if Asc1 affects the rate of spontaneous GTP binding to Gpa2. For 
these experiments we used a fluorescent non-hydrolyzable analogue of GTP (BODIPY-
GTPγS). The fluorescence of this ligand is quenched in solution but increases dramatically 
upon binding to Gα. Therefore, the rate of GTP-binding can be easily quantified by 
fluorometry (77). Purified recombinant His6-Gpa2, either alone or in the presence of a 5-fold 
molar excess of purified recombinant His6-Asc1, was mixed with BODIPY-GTPγS and the 
resulting increase in fluorescence was monitored over time. The initial rate of nucleotide 
exchange (as measured by relative fluorescence per second for the first 60 seconds) for Gpa2 
alone was 0.096 ± 0.006 RFU/sec, and in the presence of Asc1 the rate was reduced to 0.061 
± 0.003 RFU/sec (Figure 2.2A).  
 We then measured GTP hydrolysis under steady state conditions. For this experiment 
we used purified Gpa2 (final concentration 200 nM), either alone or with Asc1 in equimolar, 
5-fold excess, or 20-fold excess concentrations. The proteins were incubated with [γ-
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32P]GTP, and the amount of 32P released was determined over time. As shown in Figure 
2.2B, increasing concentrations of Asc1 yielded a corresponding decrease in the rate of [γ-
32P]GTP hydrolysis, from 0.78 pmol/min (no Asc1) to 0.42 pmol/min (equimolar Asc1), 0.34 
pmol/min (5-fold excess of Asc1), and 0.26 pmol/min (20-fold excess of Asc1). Based on the 
results of the binding and hydrolysis assays, we conclude that Asc1 functions biochemically 
to inhibit Gpa2 guanine nucleotide exchange, in the manner of known Gβ proteins.  
 Asc1 Negatively Regulates Glucose Mediated Signaling. Having determined that 
Asc1 binds to Gpa2, has a phenotype in Gpa2 mediated signaling, and regulates the 
biochemical activity of Gpa2, we next sought to determine the physiological role of Asc1 in 
glucose signaling. Two signaling processes, linked through Ras2, have been reported to be 
activated by extracellular glucose. In the first case, glucose binds to an unknown receptor and 
promotes activation of a MAP kinase cascade that includes Ste20, Ste11, Ste7 and Kss1 (45, 
46). In the second case, glucose binds to the receptor Gpr1 (31), which activates the Gα 
protein Gpa2, which in turn activates the adenylyl cyclase Cyr1 (28-42, 78, 79). Activation 
of Cyr1 leads to a rapid and transient increase in cellular concentrations of cAMP (34).  
 We first investigated the glucose-response pathway leading to Kss1 MAP kinase 
activation. It is not known how glucose activates this particular pathway, but it appears to 
terminate with transcription factors that bind filamentous response elements (FREs) (45, 46, 
80). To determine if Asc1 affects glucose-mediated signaling through Kss1 we measured 
gene transcription activity using an FRE(TEC1)-lacZ reporter (69, 81). This reporter 
responds to activation by the transcription factor heterodimer composed of Ste12 and Tec1, 
which is in turn activated by Kss1 (69, 82-84). In this method cells must first be grown to 
saturation and then further starved in nutrient-free medium to impose glucose exhaustion. 
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Wild-type as well as gpr1Δ, gpa2Δ, ste20Δ, and asc1Δ mutant strains were grown to 
saturation, starved, and then stimulated with D-glucose for 45 minutes. Induction of lacZ (β-
galactosidase) was determined spectrophotometrically. Compared to wild-type cells, the 
asc1Δ strain is greatly more sensitive to glucose (EC50 = 0.95 mM versus 8.08 mM, Figure 
2.3A). Moreover, the asc1Δ strain also exhibited substantially elevated basal and maximal 
transcription activity. The gpr1Δ  and gpa2Δ strains had diminished responses and the ste20Δ 
strain exhibited no response to glucose. The phenotype of the asc1Δ strain was rescued by 
transforming cells with a plasmid containing a genomic copy of ASC1 (data not shown). 
Yeast are only able to utilize the D-enantiomer of glucose (31); as expected, cells treated 
with L-glucose exhibited no β-galactosidase induction (data not shown).  These results 
indicate that Asc1 represses new gene transcription under basal as well as glucose-stimulated 
conditions; and that Gpr1 and Gpa2 do not significantly contribute to glucose signaling 
through the MAP kinase cascade. This result is in agreement with previous studies showing 
that Gpr1 and Gpa2 are not required to activate Kss1 (85).  
 In the pheromone response pathway, the Gβ protein Ste4 binds to Ste20, and this 
binding is required for Fus3 MAP kinase activation (86). Therefore, we asked if the Gβ 
protein Asc1 has a similar ability to bind Ste20, and perhaps in this way serves to regulate 
Kss1. To test this hypothesis, FLAG-tagged Ste20 was co-expressed with Myc-tagged Asc1 
in yeast and Ste20 was purified using an anti-FLAG affinity resin. As shown in Figure 2.3B, 
Asc1 copurifies with Ste20. To determine if Asc1 interaction is required for glucose 
signaling, we determined the physiological consequences of disrupting this interaction. We 
compared the glucose activation of Kss1 in a wild-type strain and isogenic mutant strains 
lacking components of the G protein signaling apparatus including ASC1. Kss1 kinase 
 31 
 
activation was monitored using phospho-p42/p44 antibodies, which recognize the dually-
phosphorylated and activated forms of both Kss1 and Fus3 (74). As shown in Figure 2.3C, 
glucose stimulation of wild-type cells led to Kss1 activation within 8 minutes, and maximal 
induction by 12 to 16 minutes. The asc1Δ strain showed a similar activation trend, however 
there was a much higher level of basal as well as maximal Kss1 phosphorylation. The gpr1Δ 
and gpa2Δ strains showed similar responses to wild-type (Figure 2.3C). Again, the asc1Δ 
signaling phenotype was rescued by transformation of the cells with a plasmid containing a 
genomic copy of ASC1 (data not shown).  
 These results indicate that Asc1 interacts with Ste20 and functions to repress basal 
MAP kinase activity, without substantially altering MAP kinase activation in response to 
glucose stimulation. However this is in contrast to Ste4, where binding to Ste20 leads to 
activation of MAP kinase signaling (86). We hypothesize that the diminished transcriptional 
response seen in the gpr1Δ and gpa2Δ strains is caused by release of Asc1, allowing it to 
interact instead with Ste20 and thereby inhibit MAP kinase signaling.  
 We then considered a role for Asc1 in the second branch of the glucose signaling 
pathway, in this case leading to activation of adenylyl cyclase. In mammalian cells, it is well 
established that Gα and Gβγ proteins can act on the same effector enzyme including most 
isoforms of adenylyl cyclases. For example, type I adenylyl cyclase is activated by Gsα and 
inhibited by Gβγ, while type II adenylyl cyclase is activated by both Gsα and by Gβγ (65). 
The yeast adenylyl cyclase is activated in response to glucose stimulation, and this process 
requires the glucose receptor Gpr1 and the Gα subunit Gpa2 (28-42, 78, 79). Given that 
many Gβ proteins interact with adenylyl cyclases (8, 65), we investigated whether Asc1 also 
interacts with Cyr1. Myc-tagged Asc1 was co-expressed with FLAG-tagged Cyr1, and Cyr1 
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was purified using an anti-FLAG affinity resin. Co-purifying Asc1 was then identified by 
immunoblotting with anti-Myc antibodies. As shown in Figure 2.4A, Asc1 binds to Cyr1, 
and binding occurs even in the absence of Gpa2 expression (i.e. the complex was still 
detected in gpa2Δ mutant cells). We then determined the effect of this interaction on cAMP 
production. Wild-type as well as gpr1Δ and asc1Δ mutant yeast strains were grown to 
saturation, starved for two hours, and treated with glucose. As shown in Figure 2.4B, 
addition of glucose to wild-type cells caused a rapid and transient increase in cAMP, and this 
response was largely absent in the gpr1Δ mutant. In stark contrast, the asc1Δ strain exhibited 
a markedly elevated response, demonstrating that Asc1 inhibits Cyr1 cAMP production.  
 Taken together, these results indicate that Asc1 is a Gβ protein that links the glucose 
receptor Gpr1 to the intracellular effector Cyr1. Asc1 also interacts with Ste20 to repress 
basal MAP kinase signaling, but this interaction has relatively modest effects on the glucose 
response pathway, mainly in dampening the basal activation state of the pathway.  
 
DISCUSSION 
 Gpa2 was first identified in 1988 (87) and the yeast genome was fully sequenced by 
1996 (88), but as yet no cognate Gβγ has been identified. We have now identified Asc1 as 
the Gβ protein for Gpa2. Asc1 shares many of the characteristics of known Gβ proteins. 
Structurally, Asc1 contains 7 WD repeats. Functionally, Asc1 interacts directly with the 
GDP-bound form of Gpa2, inhibits Gpa2 guanine nucleotide exchange, and regulates a 
known second messenger in the glucose-response pathway. 
 Asc1 also exhibits some important structural and functional differences with known 
Gβ subunits. With respect to structure, Asc1 lacks a coiled-coil domain normally found at the 
 33 
 
N-terminus of Gβ proteins. This N-terminal region represents an important determinant for 
binding to Gγ subunits (7). Thus we speculate that Asc1 does not associate with any Gγ-like 
protein. In support of this concept, Asc1 is a cytoplasmic protein, whereas Gγ subunits are 
generally responsible for targeting Gβ and Gα specifically to the plasma membrane (more 
specifically, prenylation of Gγ anchors the Gβγ dimer to the membrane) (8). Moreover, Asc1 
can be stably expressed in E. coli despite the absence of any Gγ binding partner. Other Gβ 
proteins must assemble with a Gγ protein in order to be stably expressed or purified (7).  
 Asc1 also has several unique functional characteristics. Asc1 was first identified as a 
transcription suppressor that associates with the 40S ribosomal subunit (89). Asc1 has also 
been shown to be an integral component of the ribosome, and is required for some protein-
protein interactions within the ribosome complex (90). In a large-scale systematic screen of 
the yeast proteome, Asc1 was identified in numerous separate protein complexes having a 
broad range of functions, including membrane biogenesis and function, protein synthesis and 
turnover, RNA metabolism and transcription, DNA maintenance, and chromatin structure 
(91, 92). We have also shown previously that Asc1 interacts weakly with the Gα in the 
pheromone response pathway, Gpa1, and deletion of ASC1 results in cells that are slightly 
more sensitive to pheromone stimulation (68). Such diversity of function has no precedent 
among the more “typical” Gβ subunits. Notably, Asc1 is a very highly expressed protein 
with an estimated 330,000 copies per cell (17, 93). This represents a > 70-fold excess over 
Gpa2, with an estimated 4570 copies per cell (17). This difference likely reflects the broad 
array of functions ascribed to Asc1, most of which are likely to be independent of Gpa2.  
 Asc1 is closely related to the mammalian protein RACK1, which like Asc1 has 
diverse functions and is expressed at high levels. RACK1 was first identified as an adaptor 
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for Protein Kinase C, and was proposed to function in signal transduction (94). RACK1 has 
since been shown to interact with the G protein transducin, to repress gene expression as a 
component of the 40S ribosome, and to regulate G1/S progression by suppressing Src kinase 
activity (95-99). RACK1 and Asc1 have also been shown to be functionally interchangeable 
within the yeast 40S ribosome (100). 
 Asc1 joins a small but growing list of multi-functional or atypical Gβ proteins (101). 
Recently Gpa1 was shown to bind directly to Vps15 in a GDP-dependent manner. Vps15 is a 
large protein that contains a protein kinase domain near its N-terminus and a 7-WD domain 
near the C-terminus. The 7-WD domain is predicted to fold into a β-propeller structure, in a 
similar manner to that of Gβ proteins (24). Vps15 also binds to the phosphatidylinositol 3-
kinase Vps34, and this binding is required for Vps34 catalytic activity (24). The Asc1 
ortholog in Cryptococcus neoformans, Gib2, has been identified as an atypical Gβ that 
functions as a positive regulator of cAMP signaling to regulate melanization and capsule 
formation associated with virulence (102). These findings are in contrast to our findings that 
Asc1 is a negative regulator of signaling via cAMP. That study also identified two atypical 
Gγ subunits, Gpg1 and Gpg2. It is not known however if Gib2 has other functions typically 
ascribed to Gβ subunits, such as receptor coupling, inhibition of guanine-nucleotide 
exchange, or effector modulation. A third atypical Gβ subunit has recently been described in 
Schizosaccharomyces pombe. This protein, Gnr1, interacts with the Gα from the pheromone 
response pathway and negatively regulates pheromone signaling (103). Gnr1 functions 
similarly to Asc1 in that it negatively regulates signaling but is not required to initiate the 
signaling event.  
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 In summary, we have identified Asc1 as the Gβ subunit in the yeast glucose signaling 
pathway (Figure 2.5). Asc1 binds directly to GDP-Gpa2 and inhibits Gpa2 guanine 
nucleotide exchange activity. Asc1 also binds to the downstream effector Cyr1, and does so 
independently of Gpa2 expression. Interaction with Cyr1 appears to result in diminished 
cAMP production. Asc1 also interacts with a second downstream effector Ste20 and the 
result of this interaction is repression of basal signaling via the MAP kinase branch of the 
glucose signaling apparatus.  
 There is an apparent contradiction between the Gpa2-mediated growth (Figure 2.1C) 
and upstream signaling phenotypes (Figures 2.3A, 2.3D, and 2.4B). While ASC1 is required 
for invasive growth, as is GPA2, the MAP kinase and cAMP signaling phenotypes for Gpa2 
and Asc1 are opposite:  Asc1 restricts these signaling events while Gpa2 promotes them. We 
speculate that this is due to the asc1Δ strain being over-responsive to the presence of glucose. 
The invasive response is caused by a limitation of glucose; however in strains lacking ASC1 
the signaling is amplified such that the cells do not detect the glucose limitation and therefore 
do not become invasive. A second explanation is that a non-Gβ function of Asc1 could be 
required for invasive growth, but not for glucose-stimulated signaling.  
 Having identified Asc1 as the Gβ for Gpa2, we are now well positioned to determine 
how nutritional signals are detected, and how those signals are transduced into changes in 
cell homeostasis. More generally, the recent discovery of multi-functional Gβ proteins, 
including Vps15 and Asc1 in yeast, suggests that the superfamily of Gβ subunits may be far 
larger and more complex than previously recognized.  
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SUPPLEMENTAL MATERIALS & METHODS 
Surface Plasmon Resonance (SPR) – All SPR experiments were performed on a 
BIAcore3000 (Biacore Inc., Piscataway, NJ). GST-Asc1 or GST alone was reconstituted in 
binding buffer (10 mM HEPES, pH 7.4, 150 mM NaCl, 5 mM MgCl2, and 0.005% (v/v) NP-
40) to a final concentration of 5.0 μM protein. The GST fusion proteins were immobilized on 
an anti-GST antibody conjugated CM5 chip (Biacore) as described previously (104) until the 
RU was approximately 1000.  To measure nucleotide specific binding between GST-Asc1 
and HIS6-Gpa2, the Gpa2-HIS6 was pre-incubated for 30 minutes in binding buffer 
supplemented with 100 μM GDP or 100 μM GDP, 20 mM NaF, and 30 μM AlCl3 (GDP-
AlF4-). The KINJECT command (500 μL injections, 200 μL dissociation phase, flow rate 5 
μL/min) was used to obtain binding curves. Non-specific binding of Gpa2-HIS6 to GST was 
subtracted from each curve.  
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Localization of Gpa2-GFP – BY4741 cells containing a chromosomal copy of GPA2-
GFP (18) with and without ASC1 were visualized by differential interference contrast (DIC) 
and fluorescence microscopy using a Nikon eclipse E600EN, photographed with a 
Hamamatsu digital camera, and analyzed with MetaMorph Version 5.0 software. Disruption 
of the ASC1 coding sequence was done by homologous recombination of a PCR product 
containing the asc1Δ::kanMX cassette from the gene deletion library.  
 Cell Size – Wild-type, gpa2Δ, and asc1Δ cells were grown to mid-log growth phase 
(OD600~0.8) in either YP-Glucose or YP-Ethanol. Cells were visualized by differential 
interference contrast (DIC) using a Nikon eclipse E600EN, photographed with a Hamamatsu 
digital camera, and analyzed with MetaMorph Version 5.0 software.  
Structural Model of Asc1 - The yeast Asc1 sequence was submitted to the Structure 
Prediction Meta Server (105) to identify structural templates for homology modeling. Models 
of Asc1 were built guided by the alignments returned from the fold-recognition servers, 
using the Modeler module of the InsightII molecular modeling system from Accelrys Inc. 
with the seven-bladed Gβt (PDB ID 1A0R).  
 
SUPPLEMENTAL RESULTS & DISCUSSION 
 The binding affinity between Asc1 and Gpa2 could not be determined – Interaction 
between cognate Gα and Gβγ proteins is high affinity when the Gγ subunit is prenylated 
(106). As discussed previously, the structure of Asc1 does not contain a coiled-coil domain 
normally found at the N-terminus of Gβ subunit. This region is an important determinant for 
the interaction between Gβ and Gγ subunits (7). Therefore we speculate that Asc1 does not 
interact with a Gγ subunit. We have shown that Asc1 binds directly to the inactive GDP-
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bound form of Gpa2 and that the interaction is functionally relevant. Therefore we sought to 
determine if the interaction between Asc1 and Gpa2 is high affinity, similar to other cognate 
Gα-Gβγ pairs even though a Gγ is not present. We used Surface Plasmon Resonance (SPR) 
to measure binding of GST-Asc1 to HIS6-Gpa2 when bound to GDP or GDP-AlF4-. As 
shown in Figure 2.6, HIS6-Gpa2-GDP bound specifically to GST-Asc1 where HIS6-Gpa2-
GDP-AlF4- did not. However, we were unable to saturate all of the binding sites on the SPR 
chip and were therefore unable to determine the affinity of the interaction between GST-
Asc1 and HS6-Gpa2. This result indicates that, under these conditions, the association rate is 
slow and the dissociation rate is fast leading us to conclude that the interaction between Asc1 
and Gpa2 is low affinity, unlike typical cognate G proteins. However, N-terminal 
myristolation of the Gα subunit has also been shown to be required for high-affinity 
interactions with Gβγ subunits (107, 108). As the Gpa2 used in this experiments was purified 
from E. coli it was not myristolated. This could be the cause of the low affinity interaction 
we observed. A second explanation for the low-affinity interaction observed between Asc1 
and Gpa2 could be the stoichiometry of the two proteins within the cell. Asc1 is a very 
highly expressed protein with an estimated 330,000 copies per cell (17, 93), while there are 
only 4570 copies of Gpa2 per cell (17); which results in an almost 70:1 ratio. At this ratio, it 
is unlikely that the affinity of Asc1 for Gpa2 needs to be high because there is an excess of 
Asc1 in the cytoplasm that is free to interact with Gpa2.  
ASC1 is not required for plasma membrane localization of Gpa2 – An important 
function of typical Gβγ heterodimers is to properly localize the Gα to the plasma membrane 
and then couple the Gα to the receptor (8). As we have shown that Asc1 binds to Gpa2 and 
regulates it biochemically, we sought to determine if Asc1 also functions to properly localize 
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Gpa2 to the plasma membrane. In this experiment, a strain in which a GPA2-GFP fusion was 
integrated at the chromosomal locus of GPA2 was used with fluorescence microscopy (18) to 
determine cellular localization. As shown in Figure 2.7, deletion of ASC1 has no effect on the 
plasma membrane localization of Gpa2. This result indicates that Asc1 does not function to 
localize Gpa2 to the plasma membrane; and therefore it is also unlikely that Asc1 is required 
for coupling Gpa2 to the receptor.  
Asc1 is a negative regulator of glucose mediated cell size – Yeast grown in the 
presence of a fermentable carbon source, such as glucose, are larger than those grown in a 
non-fermentable carbon source, such as ethanol (109). Numerous components of the 
Gpr1/Gpa2/cAMP pathway have been implicated in this phenotype (110). Strains that show a 
diminished ability to produce cAMP are smaller in size while strains that show increased 
cAMP production are larger (111, 112). We have shown that asc1Δ cells have increased 
cAMP production; therefore we sought to determine if the cell size was also increased. As 
shown in Figure 2.8, the asc1Δ strain is much larger than wild-type or gpa2Δ when grown in 
glucose and ethanol, and the increase in cell size seen in the glucose samples is greater than 
that seen for the WT strain. As expected from previous studies, the wild-type cells are larger 
when grown in glucose compared to when grown in ethanol, while the gpa2Δ strain is the 
same size in both conditions. This result is consistent with our previous results that Asc1 
deficient cells have increased cAMP production in response to glucose and we believe this 
leads to a corresponding increase in cell size.  
Asc1 is predicted to fold into a 7-bladed β-propeller – All known Gβ subunits contain 
7 WD repeat motifs (113) and all structures to date have a 7-bladed β-propeller structure (9, 
53, 114). To determine if Asc1 is likely to adopt the β-propeller we performed a homology 
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model using the Gβ transducin (Gβt) crystal structure (9) as a model. Figure 2.9 is the 
structural model of Asc1. From this model we have determined that there is nothing that 
would prevent Asc1 from interacting like a Gβ with Gα proteins, and that a tryptophan 
residue (Asc1 W84 and Gβt W99) important for the Gα/Gβ interaction is conserved 
(highlighted). In yeast, mutation of the homologous tryptophan (W136) to glycine in Ste4 
leads to constitutive activation of the pheromone response pathway because Ste4 can no 
longer interact with Gpa1 (115). Asc1 also contains an insert (residues 274 – 288) not found 
in the typical Gβ proteins. In our homology model this unstructured loop projects out from 
the Gα interacting face of Asc1, but should not interfere with Gpa2 interactions.  
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Figure 2.1. Asc1 interacts with the inactive GDP-bound form of the Gα Gpa2 and is required for invasive 
growth. A. Co-immunoprecipitation of Gpa2 with Asc1 from yeast. Whole cell extracts from wild-type cells 
transformed with plasmids containing FLAG-ASC1 (pRS316-ADH) and either GPA2-GST or GST alone 
(pAD4M) were immunoprecipitated (IP) in buffer containing either GDP or GDP-AlF4- with anti-FLAG beads, 
washed, eluted with SDS-PAGE sample buffer, resolved by SDS-PAGE and immunoblotting (IB). Co-purifying 
proteins were detected with anti-GST antibodies. Relative binding (% of maximum) was determined by 
densitometry. Applied samples are 10% (50 ng) of the starting protein sample used for precipitation. B. Co-
purification of Gpa2 with Asc1 using recombinant proteins purified from E. coli. 200 nmol of Gpa2 was 
preincubated with 400 nmol of Asc1 for 30 min and then repurified by GST-Sepharose affinity 
chromatography. Samples were eluted and resolved as described above, except that Gpa2 was detected with 
anti-His6 antibodies. C. Invasive growth assay. Cells containing the indicated deletions from the Σ1278-based 
strain were spotted onto YPD plates and grown for 3 days at 30oC (total growth) and then gently washed to 
detect invasive growth.  
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Figure 2.1. Asc1 functions as a guanine nucleotide dissociation inhibitor In vitro GTP binding assays using 
recombinant protein purified from E. coli. A, 200 nmol of Gpa2 was preincubated either alone or with 1000 
nmol of Asc1 for 30 min. Rate of BODIPY-GTPS binding to Gpa2 was then determined as the increase in 
fluorescence (left panel). Initial rates are 0.093 relative fluorescence units (RFU)/s for Gpa2 and 0.061 relative 
fluorescence units/s for Gpa2 plus Asc1 (right panel). B, steady-state GTP hydrolysis assay. 200 nmol of Gpa2 
was preincubated either alone or with 200, 1000, or 4000 nmol of Asc1 for 30 min. Rate of hydrolysis was 
determined by measuring the release of free 32P over time. A representative time course is shown for Gpa2 
alone and Gpa2 with 4000 nmol of Asc1 (left panel). Rate of hydrolysis shown for all conditions is shown in the 
right panel. All data are representative of two or more separate experiments. Error bars ± S.E.
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Figure 2.3.  Asc1 interacts with Ste20 and negatively regulates basal signaling of the MAP kinase branch of the 
glucose signaling pathway. A. D-glucose-dependent transcriptional induction (FRE(TEC1) promoter, lacZ 
reporter) was measured in wild-type, gpr1Δ, gpa2Δ, ste20Δ, and asc1Δ cells. Cells were treated with the 
indicated concentration of glucose for 60 min and the resulting β-galactosidase activity was measured 
spectroflourometrically. The data shown are representative of two independent experiments performed in 
triplicate. Error bars, +/- SEM. B. Same graph as in A with the Y-axis expanded to the scale of the maximum 
wild-type response. C. Asc1 interacts with Ste20. gpa2Δ cells transformed with the indicated plasmids were 
grown to mid-log phase, lysed, and the detergent-solubilized protein was immobilized on FLAG-beads, washed, 
and eluted with SDS-PAGE sample buffer. Bound proteins were detected by immunoblotting with antibodies 
against the Myc or FLAG epitopes. 5% (25 ng) of the soluble cell lysate was probed with antibodies against 
FLAG or Myc to confirm equivalent levels of protein expression. D. Glucose-dependent Kss1 activation. 
BY4741 wild-type, gpr1Δ, gpa2Δ, and asc1Δ cells were grown to saturation, washed, and further starved for 2 
h. At time points indicated, samples were removed and flash frozen in liquid nitrogen. Proteins were extracted 
with trichloroacetic acid and 50 ng of protein was resolved by SDS-PAGE and immunoblotting against a 
phospho-specific p44/42 antibody.  
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Figure 2.4. Asc1 interacts with the adenylyl cyclase Cyr1 and negatively regulates the cAMP/PKA branch of 
the glucose signaling pathway. Asc1 interacts with Cyr1. gpa2Δ cells transformed with the indicated plasmids 
were grown to mid-log phase, lysed, and the detergent-solubilized protein was immobilized on FLAG-beads, 
washed, and eluted with SDS-PAGE sample buffer. Bound proteins were detected by immunoblotting with 
antibodies against the Myc or FLAG epitopes. 5% (25 ng) of the total soluble cell lysate was probed with 
antibodies against FLAG and Myc to confirm equivalent levels of protein expression. B. Glucose-dependent 
cAMP production. Wild-type, gpr1Δ, and asc1Δ cells were grown to saturation, washed, and further starved for 
2 h. Yeast were stimulated with 100 mM glucose and production of cAMP was determined at each time point. 
Error bars, +/- SEM. 
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Figure 2.5. Model of glucose signaling by the MAP Kinase and cAMP/PKA signaling pathways. Under basal 
conditions, Asc1 functions to (i) inhibit signaling through the MAP kinase module possibly through its 
interaction with Ste20; and (ii) to inhibit signaling through the cAMP/PKA module by acting as a GDI towards 
Gpa2. Under glucose stimulation, Asc1 functions to (i) inhibit signaling through the MAP kinase module; and 
(ii) to inhibit production of cAMP by Cyr1. 
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Figure 2.6. HIS6-Gpa2 has a low affinity for GST-Asc1. Surface Plasmon Resonance (SPR) measurement of 
the binding of HIS6-Gpa2 to GST-Asc1. GST-Asc1 (red trace) or GST (blue trace) alone was coupled to a CM5 
SPR chip with an anti-GST antibody. HIS6-Gpa2 was pre-incubated in buffer contain GDP alone or GDP-AlF4- 
and then injected over the chip surface and SPR was measured. A. Total binding. B. Specific binding to GST-
Asc1 with non-specific binding to GST alone subtracted.  
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Figure 2.7. Asc1 is not required for plasma membrane localization of Gpa2-GFP. A strain containing a 
chromosomal copy of Gpa2 fused to GFP at its C-terminus or the same strain also lacking ASC1 were grown to 
mid-log or stationary phase and visualized by fluorescence and DIC microscopy.  
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Figure 2.8 Asc1 negatively regulates glucose mediated cell size. Wild-type, gpa2Δ, and asc1Δ cells were grown 
to mid-log phase in either YP-glucose or YP-ethanol and visualized by DIC microscopy. 
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Figure 2.9. Homology model of Asc1 based on Gβ transducin. The tryptophan residue required for interaction 
with Gα subunits highlighted in green and spacefilled. An unstructured loop in Asc1 not found in typical Gβ 
subunits is highlighted in orange (homology model generated by Brenda Temple, UNC Chapel Hill).
 
 
CHAPTER 3 
 
Prp4 Interacts with Gpa1, Gpa2, and Sst2 
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SUMMARY 
 There are five mammalian Gβ subunit isoforms: types 1-4 share 80% sequence 
identity, but the fifth isoform (Gβ5) is divergent, sharing only 50% sequence identity. Gβ5 is 
also dissimilar from the other isoforms because it interacts not with traditional Gγ subunits, 
but with members of the R7 family of RGS proteins which contain a GGL (Gγ-like) domain. 
The Gβ5-RGS heterodimer functions like many other RGS proteins as a GTPase accelerating 
protein (GAP) towards Gα subunits, but the role that the Gβ5 alone plays is unknown. The 
RGS protein in the yeast Saccharomyces cerevisiae pheromone response pathway, Sst2, is a 
divergent member of the R7 family of RGS proteins, but no Gβ5-like protein has been 
identified in yeast. In this study, we sought to identify if Sst2 has a Gβ5-like binding partner 
and if so, to use the pheromone response pathway as a tool to elucidate the function of the 
Gβ5 subunit in regulating G protein signaling. The protein Prp4 was identified as a candidate 
Gβ5 because it interacts with both Sst2 and the Gα Gpa1. However, I have been unable to 
determine if Prp4 is a Gβ5-like protein.  
 
INTRODUCTION 
 The yeast Saccharomyces cerevisiae can exist stably as haploid cell types, termed 
MATa and MATα. These cells secrete type-specific mating pheromone, a-factor or α-factor, 
recognizable by the opposite mating type. These mating pheromones are detected by G 
protein coupled receptors (GPCR) which activate a G protein mediated signaling cascade. 
The end result of pathway activation leads to fusion of two cells of opposite mating types 
resulting in an a/α diploid cell (1).  
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 The mating pathway in S. cerevisiae has been extensively studied and characterized. 
Pheromone binding to the cell surface GPCR promotes exchange of GDP for GTP by the Gα 
Gpa1. When Gpa1 is GTP-bound it can no longer interact with the Gβγ heterodimer 
(Ste4/Ste18), leaving both components free to activate downstream effectors. The GTPase 
activity of Gpa1 hydrolyzes GTP back to GDP allowing reassociation with Gβγ and 
termination of the signal (1).  
 Regulation of signaling by G proteins occurs at many steps along the pathway. One 
important class of regulators are the RGS (Regulators of G protein Signaling) proteins.  
Most RGS proteins regulate signaling by acting as GTPase accelerating proteins (GAPs) on 
Gα subunits, increasing the rate of GTP hydrolysis thus causing a more rapid termination of 
the signal (116-118). All RGS proteins contain a conserved RGS domain that is responsible 
for the interaction with the Gα subunit and are further classified according to homology 
within the RGS domain and what other domains the proteins contain (119). Members of the 
R7 family of RGS proteins are defined as having a C-terminal RGS domain, a central GGL 
(Gγ-like) domain, and an N-terminal DEP (Dishevelled, Egl-10, Pleckstrin) domain (3). 
Additionally, R7 family members interact with Gβ5 proteins to form stable heterodimers in 
tissues. It is not clear why R7 RGS and Gβ5 proteins interact; however it has been shown 
that the interaction is necessary to stabilize the heterodimer against proteolysis (120-122).  
 The yeast protein Sst2 is a divergent member of the R7 RGS family; it contains an 
RGS domain and two DEP domains, but does not have a GGL domain. Sst2 functions as a 
negative regulator in the pheromone signaling pathway by increasing the rate of GTP 
hydrolysis by Gpa1 (55-57). As the yeast pheromone response pathway is so well 
characterized and mapped, we sought to use it as a tool to determine the role of the R7 
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RGS/Gβ5 interaction. However, a Gβ5-like protein has not been identified in yeast. Also, 
Sst2 does not contain the canonical GGL domain found in other R7 family members and we 
hypothesize that a second protein may be acting as the required GGL domain in trans. In this 
study, we identified the protein Prp4 as a candidate Gβ5 and have sought to determine its 
functionality in the yeast pheromone response pathway.  
 
MATERIALS AND METHODS 
Strains and plasmids - Standard methods for the growth, maintenance, and 
transformation of bacteria and yeast and for the manipulation of DNA were used throughout. 
Yeast Saccharomyces cerevisiae strains used in this study were BY4741 (MATa leu2Δ 
met15Δ his3Δ ura3Δ), BY4741-derived gene deletion mutants (Invitrogen), and BY4741-
derived tetracycline repressive promotor strains (wild-type: URA3::CMV-tTA, MATa, his3-1 
leu2-0, met15-0; TO-PRP4: pPRP4::kanR-tet07-TATA, URA3::CMV-tTA, MATa, his3-1, 
leu2-0,  met15-0) from Open Biosystems (123).   
Yeast shuttle plasmids pRS315-ADH (CEN, ampR, LEU2, ADH1 promoter/ 
terminator) and pRS316-ADH (CEN, ampR, URA3, ADH1 promoter/terminator) (67) were 
modified by PCR amplification of the gene of interest and subcloned such that a FLAG 
(GAT TAC AAG GAT GAC GAC GAT AAG) or Myc (GAA CAA AAA TTG ATT TCT 
GAA GAA GAT TTG) epitope could be added to the 5’ coding sequence of any gene with a 
SacI site engineered in-frame with the open reading frame. Previously-described yeast shuttle 
plasmids used in this study are pAD4M-GST (67), pAD4M-GPA1-GST (67), pAD4M-
GPA2-GST (68), pAD4M-GPA1 (55), pAD4M-GPA1Δ110 (124), and pRS423-FUS1-lacZ 
(125). 
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 Purification of proteins from yeast - Transformed strains were grown to A600nm ~ 1.0, 
harvested by centrifugation and resuspended in epitope specific buffer (FLAG: 50 mM Tris 
pH 8.0, 150 mM NaCl, 1 mM EDTA, 3mM MgCl2, 25 mM β-glycerolphosphate, 0.1% 
Triton-X100, protease inhibitor cocktail pellets (Roche, 1 pellet/25 ml buffer); GST: 10 mM 
Na2HPO4, 1.8 mM KH2PO4, pH 7.3, 140 mM NaCl, 2.7 mM KCl, 1mM EDTA, 3 mM 
MgCl2, 25 mM β-glycerolphosphate, 0.1% TritonX-100, protease inhibitor cocktail pellets 
(Roche, 1 pellet/25 ml buffer)). Cells were lysed by vortexing with glass beads 10 times, 30 s 
each, with cooling on ice for 1 min in between. Lysates were rocked at 4 oC for 30 min to 
solubilize membrane proteins, and centrifuged once at 6,000 x g for 1 min and again for 30 
min to remove insoluble matter. Protein content of the supernatant was determined by DC 
Protein Assay (Bio-Rad) and equalized. For FLAG immunoprecipitations, 20 μl of M2 
FLAG Affinity Resin (Sigma) equilibrated with FLAG Lysis Buffer was added to each 
sample; For GST affinity purifications, 40 μl of Glutathione Sepharose 4 Fast Flow (GE 
Healthcare) equilibrated in GST Lysis Buffer was added to each sample. After 2 h of gentle 
rocking at 4 oC, the resin was collected by centrifugation at 500 x g for 1 min. Resin was 
washed 4 times with 1.5 ml of the appropriate Binding Buffer and bound proteins were 
eluted with 75 μl of 2x SDS-PAGE sample buffer at 100 oC for 5 min. For experiments 
comparing binding of GDP to GDP-AlF4- loaded Gα proteins, 10 μM GDP or 10 μM GDP 
with 30 μM AlCl3 and 10 mM NaF, respectively, was added to the lysis and wash buffers. 
Samples were resolved by SDS-PAGE and immunoblotted with 9E10 anti-Myc at 1:1000 
(70), anti-FLAG monoclonal at 1:1000 (Sigma), anti-GST at 1:2000 (from J. Steitz, Yale 
University), anti-Gpa1 at 1:1000 (126), and/or anti-Sst2 at 1:2000 (56) antibodies in 
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conjunction with enhanced chemiluminescence detection of horse radish peroxidase-
conjugated secondary antibodies. 
 Knock-down of gene expression using the TET-off system. Tet-off strains were grown 
overnight to saturation in appropriate knock-out media and diluted to A600nm=0.05 in fresh 
media the next morning and allowed to continue growing until A600nm~1.0. Cells were then 
diluted to A600nm=0.005 into fresh media containing 0, 5, 10, 25, 50, or 100 μg/ml 
doxycycline for 15 hours.  
 Protein extraction for analysis of protein levels following transcription knock-down. 
Cell pellets from strains treated as described above were collected by centrifugation and 
resuspended in 200 μl ice cold TCA Lysis Buffer (10 mM Tris.HCl, pH 8.0, 10% 
Trichloroacetic acid (TCA), 25 mM NH4OAc, 1 mM Na2EDTA) and 200 μl of acid-washed 
glass beads were added to each sample. Cells were lysed by vortexing 5 times, 30 sec each, 
with cooling on ice for 30 sec in between. Cell lysate was transferred to a new tube and 
centrifuged for 10 min at 16,000 x g at 4 oC to collect precipitated protein. Supernatant was 
aspirated off and protein pellet was resuspended in 100 μl TCA Resuspension Buffer (0.1 M 
Tris-HCl, pH 11.0 3% SDS). Samples were boiled for 5 min and allowed to cool to room 
temperature before centrifuging for 30 sec at 16,000 x g at room temperature to remove 
insoluble cellular debris. The resulting protein extracts were analysed for protein content 
using the DC Protein Assay (Bio-Rad) and the protein content of the samples equalized. 10 
μg of protein was resolved by SDS-PAGE and immunoblotted with anti-Sst2, anti-Gpa1, 
and/or anti-Pgk1 at 1:75,000 (From J. Thorner, UC Berkely) antibodies in conjunction with 
enhanced chemiluminescence detection of horse radish peroxidase-conjugated secondary 
antibodies. 
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 Pheromone transcription reporter assay. Following a 15 hour treatment with 0.1 
mg/ml, 0.01 mg/ml, or no doxycycline as described above the pheromone transcription 
reporter assay was done as described previously (127).  
 
RESULTS 
Prp4 Interacts with Sst2. The purpose if this study was to determine the function of 
the RGS/Gβ5 interaction. However, we first had to determine if a Gβ5-like protein existed in 
yeast. Crystal structures of Gβ subunits have revealed that they fold into a seven bladed 
propeller structure (β-propeller) based around 7-WD repeat motifs (9). The WD repeat is a 
conserved domain, 40-60 amino acids in length that begins with glycine-histidine and ends 
with tryptophan-aspartic acid (WD) (62). As all Gβ subunits have a characteristic 7WD 
repeat domain structure, we began our search for a Gβ5 ortholog by searching for any gene 
product bearing this signature domain structure. In the yeast genome there are an estimated 
104 proteins that contain WD repeats (54). The SMART (Simple Modular Architecture 
Research Tool) database (54) identified 21 proteins predicted to have either seven WD 
repeats, or in some cases six repeats with an additional segment large enough to contain a 
seventh (less-conserved) WD domain. 
 We then considered which of the 21 candidate proteins could function in the manner 
of known Gβ5 proteins. In addition to their characteristic 7 WD structure, Gβ5 proteins (i) 
bind directly to RGS proteins and interact with Gα subunits (122); (ii) function to stabilize 
the RGS protein(121); (iii) facilitate the GAP activity of the RGS proteins (119); and (iv) 
regulate downstream signaling by the Gα (64). To identify Gβ5 candidates all 21 7WD 
repeat proteins were fused to the FLAG epitope and individually expressed in yeast together 
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with Sst2-Myc. Each of the FLAG fusion proteins was then immunoprecipitated. The 
presence of Sst2-Myc in the resulting immunoprecipitates was detected by SDS-PAGE and 
immunoblotting using anti-Myc antibodies. This analysis identified Prp4 as the only protein 
capable of co-precipitating the RGS protein Sst2 (Figure 3.1) and is therefore the only 
protein we considered as a potential yeast Gβ5.  
 Sst2 may be stabilized by Prp4 expression. The Gβ5/RGS heterodimer forms a stable 
complex within the cell and removal of either component results in proteolysis of the binding 
partner (121). To determine if Prp4 stability was affected by loss of Sst2 expression, we 
performed immunoblots of cell extracts overexpressing FLAG-Prp4 from a constitutively 
active promoter in wild-type or sst2Δ cells. Figure 3.2A demonstrates that expression of Prp4 
is reduced slightly in cells lacking SST2. As Prp4 is expressed in both strains from a non-
native constitutively active promoter, this result indicates that Sst2 is acting to stabilize Prp4 
after protein translation occurs and not by suppressing PRP4 gene transcription. We next 
sought to determine if the opposite relationship is also true. However, the PRP4 gene is 
essential for cell viability and cannot be deleted. To determine if loss of Prp4 expression 
results in reduced Sst2 protein levels we used a strain in which the native PRP4 promoter has 
been replaced by a tetracycline titratable promoter (referred to as TO-PRP4)(19). In this 
strain, addition of tetracycline (or the analog doxycycline) to the growth media inhibits new 
gene transcription. As shown in Figure 3.2B, treating the TO-PRP4 strain with increasing 
doses of doxycycline results in decreasing levels of Sst2 protein. These results indicate that 
coexpression of Sst2 and Prp4 may function to stabilize a potential heterodimer that forms 
between the two proteins. This stabilization effect is a known property of RGS/Gβ5 
interactions which further implicates that Prp4 may function as a Gβ5 ortholog.  
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Prp4 interacts with both yeast Gα subunits. The mammalian RGS11-Gβ5 
heterodimer has been shown to interact with Gαo and function to accelerate GTP hydrolysis 
(128). As I have identified Prp4 as a candidate Gβ5, I next wanted to determine if Prp4 
interacted with the yeast Gα subunits, Gpa1 and Gpa2. Many Gα interacting proteins 
preferentially interact with either the active (GTP-bound) or inactive (GDP-bound) form of 
the Gα. Therefore, I wanted to determine (i) if Prp4 interacted with either of the Gα subunits 
and (ii) if any potential interactions between Prp4 and the Gα subunits was dependent upon 
the activation state of Gpa1 or Gpa2. FLAG-Prp4 (or Myc-Prp4 or an empty vector as 
negative controls) was coexpressed with either Gpa1-GST, Gpa2-GST, or GST alone. I then 
performed co-immunopreciptations using FLAG-Prp4 as the bait and included either GDP or 
GPD-AlF4- in the assay buffer. GDP-AlF4- mimics the transition state for GTP hydrolysis, 
and induces a conformation very similar that of the activated Gα protein (7). Under these 
conditions Prp4 precipitated both Gpa1 and Gpa2 and appeared to interact equally well with 
both the inactive (GDP-bound) and active (GDP-AlF4--bound) Gpa1 and Gpa2 (Figure 3.3A).  
In the immunoblots that contained Gpa1-GST I noticed that a high molecular weight 
species of Gpa1 co-precipitated with Prp4. Gpa1 is known to be ubiquitinated (129), so we 
re-immunoblotted using anti-ubiquitin antibodies (Figure 3.3B). In this experiment, it 
appears that Prp4 has a slight preference for ubiquitinated Gpa1-GDP over ubiquitinated 
Gpa1-GTP-AlF4-. We were unsure how to interpret this result because there is no precedent 
for this interaction; Gpa1 is ubiquitinated on a 110-residue subdomain not found in other Gα 
subunits.  
As mentioned in the introduction Sst2 does not contain the canonical GGL domain 
found in other R7 RGS family members. We therefore hypothesized that the 110-residue 
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ubiquitination loop in Gpa1 may be functioning as the GGL domain in trans. To test this 
hypothesis we determined if the Gpa1 ubiquitination loop is required for the interaction of 
Prp4 with Gpa1. In this experiment Prp4-FLAG was co-expressed with Gpa1 or Gpa1 
lacking the ubiquitination loop (Gpa1Δ110) in a gpa1Δste7Δ background strain and cell lysates 
were immunoprecipitated using anti-FLAG resin and co-purifying Gpa1 was detected using 
anti-Gpa1 antibodies. As shown in Figure 3.4, Prp4 is able to interact with both Gpa1 and 
Gpa1Δ110. Therefore the Gpa1 ubiquitination loop is not required for interaction with Prp4 
and it is unlikely that this region is functioning as a GGL domain in trans.  
I have now shown that the candidate yeast Gβ5 protein, Prp4, interacts with the RGS 
protein Sst2 and the Gα proteins Gpa1 and Gpa2. Previous studies have shown that Sst2 
interacts directly with Gpa1 (57). Given these results I next hypothesized that Prp4 may be 
interacting indirectly with Gpa1 through Sst2. In order to determine if Sst2 mediates the 
interaction between Prp4 and Gpa1 I performed FLAG co-immunoprecipitations from wild-
type or sst2Δ strains expressing FLAG-Prp4 and Gpa1-GST or Gpa2-GST. Under all 
conditions tested FLAG-Prp4 was able to interact with both Gpa1-GST and Gpa2-GST, even 
in the absence of Sst2 (Figure 3.5). We therefore believe that Prp4 is either interacting 
directly with the Gα proteins, or thorough an unknown mediator. From the interaction 
analysis that we have performed it remains unclear if Prp4 is functioning as a Gβ5 protein.  
  Prp4 does not affect pheromone sensitivity. R7 RGS proteins function directly on Gα 
subunits to enhance the rate of GTP hydrolysis resulting in increased sensitivity to receptor 
agonist (130, 131). Upon deletion of SST2 yeast become 10-fold more sensitive to 
pheromone (57). If decreased transcription of PRP4 results in decreased stability and 
abundance of Sst2 then yeast cells should become more sensitive to pheromone. To 
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determine if this was the case we performed a pheromone responsive transcription reporter 
assay. TO-wild-type and TO-PRP4 strains were transformed with a plasmid containing the 
pheromone responsive promoter from FUS1 fused to the LacZ gene. Upon pheromone 
treatment β-galactosidase is transcribed and levels of transcription can be quantified 
spectrophotometrically(132). In this experiment, the strains were first treated with 
doxycycline to knock-down Prp4 transcription and then treated with increasing doses of 
pheromone. As shown in Figure 3.6, pheromone sensitivity does not change with increasing 
doxycycline treatment and presumed knock-down of Prp4. This result indicates that loss of 
Prp4 protein expression has no effect on pheromone sensitivity.   
Gβ5 proteins have been shown to enhance the GAP activity of RGS proteins in 
mammalian cells (130, 131). Even thought our signaling assay failed to show a phenotype 
when Prp4 expression was knocked down, we wanted to determine if Prp4 had any effect on 
GTP hydrolysis by Gpa1. In order to perform the desired hydrolysis assays with Gpa1, we 
first needed to purify Gpa1, Sst2, and Prp4 protein. Gpa1 and Sst2 have been successfully 
purified from E. coli before (57). However, exogenous expression of Prp4 could not be 
induced in either E. coli or SF9 insect cells. Therefore, we were unable to determine how 
Prp4 affects the rate of GTP hydrolysis by Gpa1. 
 
DISCUSSION 
Like all Gβ proteins, the Gβ5 isoform contains 7 WD repeats and presumably folds 
into a β-propeller structure. I identified the 7 WD repeat protein Prp4 as a candidate Gβ5-like 
protein in the yeast S. cerevisiae.  In the research presented here I have sought to determine if 
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Prp4 functions as Gβ5 by interacting with the RGS protein Sst2 to regulate signaling by the 
Gα subunit Gpa1 in the pheromone response pathway.  
Prp4 (precursor mRNA processing 4) is an essential gene that was first identified is a 
core component of the U4/U6.U5 tri-snRNP complex that functions in the splicing of mRNA 
transcripts (133). Not only is Prp4 a component of the U4/U6.U5 complex, but it is required 
for proper assembly of the complex. Prp4 also associates transiently with the splicosome 
(134). Prp4 associated with multiple complexes that functions in pre-mRNA processing; and 
could also have multiple functions in the cells if Prp4 is a Gβ5-like protein.   
In addition to containing the required 7 WD repeats I have shown that Prp4 can 
interact with Sst2 and both yeast Gα subunits, Gpa1 and Gpa2. I have also shown that Sst2 
protein stability is dependent upon expression of Prp4. This stabilization effect is a known 
characteristic of RGS/Gβ5 heterodimers. However, knock-down of Prp4 expression does not 
affect pheromone sensitivity, which is unexpected because loss of Prp4 presumably leads to 
loss of Sst2 which would cause cells to become more sensitive to pheromone stimulation. 
The definitive experiment in determining if Prp4 is functioning as a Gβ5 would be to 
determine how Prp4 and Sst2 affect the in vitro rates of GTP hydrolysis by Gpa1. 
Unfortunately, Prp4 could not be expressed and purified from either E. coli or SF9 insect 
cells so the GTP hydrolysis experiments could not be performed.  
  Even though I could not definitively determine if Prp4 functions as a Gβ5, the 
possibility still exists that this is the case. When purified from intact cells, Gβ5 purifies as a 
complex with its RGS protein partner, and is unstable when not in complex. This is a 
possible explanation for why Prp4 cannot be expressed in E. coli and SF9 cells. The fact that 
Prp4 may require a stabilizing binding partner is further evidence that Prp4 is a Gβ5-like 
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protein.  It could be that in order to purify Prp4 from an exogenous source, co-expression 
(and purification) with Sst2 is required. However, the Gβ5-RGS interface is mediated by a 
GGL domain and Sst2 does not contain this domain. This led us to believe that a third protein 
is functioning as the GGL domain in trans and this protein would also be required for the 
stable expression and purification of Prp4. It is also possible that Prp4 can be purified from 
yeast, but because Prp4 is a core component of a pre-mRNA processing complex it would be 
very difficult to purify Prp4 without co-purifying the processing complex.  
 
Acknowledgements- The above work represents unpublished results. All data in Figures 3.1 – 
3.5 represent my original work; Figure 3.6 was generated by Steve Cappell. I would like to 
thank Janeen Vanhooke (UNC Protein Core, Pharmacology Dept) for her assistance with the 
many attempts at Prp4 protein purification. 
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Figure 3.1 Prp4 interacts with Sst2. Co-immunoprecipitation of Sst2-Myc with FLAG-Ppr4 from yeast. Whole 
cell extracts from wild-type cells transformed with plasmids containing FLAG-PRP4 (pRS316-ADH) and either  
SST2-Myc (pRS315) or empty vector (pEV) were immunoprecipitated (IP) with anti-FLAG beads, washed, 
eluted with SDS-PAGE sample buffer, resolved by SDS-PAGE and immunoblotted (IB). Co-purifying proteins 
were detected with anti-Myc antibodies. Applied samples are 10% (50 ng) of the starting protein sample used 
for precipitation. 
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Figure 3.2 Prp4 may stabilize Sst2. A. Immunoblot of Prp4-FLAG from WT or sst2Δ cells. Cells were lysed 
and 10 ng of protein was resolved by SDS-PAGE. Prp4-FLAG was detected with anti-FLAG antibodies. B. 
Immunoblot of Sst2 following knock-down of Prp4 expression. The TO-PRP4 and TO-wildtype strains were 
treated with increasing doses of doxycycline for 15 hours. Cells were lysed and 25 ng of protein extract was 
resolved by SDS-PAGE. Sst2 protein was detected with anti-Sst2 antibodies. 
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Figure 3.3 Prp4 interacts with both yeast Gα subunits. A. FLAG co-immunoprecipitation of Gpa1-GST, Gpa2-
GST, or GST alone with FLAG-PRP4 from yeast. Whole cell extracts from wild-type cells transformed with 
plasmids containing FLAG-PRP4 (pRS316-ADH) and either GPA1-GST, GPA2-GST or GST alone (pAD4M) 
were immunoprecipitated (IP) with anti-FLAG beads washed, eluted with SDS-PAGE sample buffer, resolved 
by SDS-PAGE and immunoblotted (IB). Cells transformed with empty vectror (pEV) or pMyc-PRP4 were used 
as negative controls. Co-purifying proteins were detected with anti-GST antibodies. B. The immunoblot of 
Gpa1-GST containing precipitations from (A) was stripped and reprobbed with anti-Ubiquitin antibodies.  
A. 
B. 
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Figure 3.4 The Gpa1 ubiquitination loop is not required for interaction with Prp4. Co-immunoprecipitation of 
Gpa1 with FLAG-Prp4 from yeast. Whole cell extracts from gpa1Δste7Δ  cells transformed with plasmids 
containing FLAG-PRP4 (pRS316-ADH) and either GPA1 or GPA1Δ110 (pAD4M) were immunoprecipitated 
(IP)  with anti-FLAG beads, washed, eluted with SDS-PAGE sample buffer, resolved by SDS-PAGE and 
immunoblotted (IB). Co-purifying proteins were detected with anti-Gpa1 antibodies. Applied samples are 10% 
(50 ng) of the starting protein sample used for precipitation 
. 
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Figure 3.5 Sst2 is not required for the interaction between Prp4 and Gpa1. Co-immunoprecipitation of Gpa1-
GST or Gpa2-GST with FLAG-Prp4 from yeast. Whole cell extracts from wild-type or sst2Δ cells transformed 
with plasmids containing FLAG-PRP4 (pRS316-ADH) and either GPA1-GST, GPA2-GST, or GST alone 
(pAD4M) were immunoprecipitated (IP) in buffer containing either GDP or GDP-AlF4- with anti-FLAG beads, 
washed, eluted with SDS-PAGE sample buffer, resolved by SDS-PAGE and immunoblotting (IB). Co-purifying 
proteins were detected with anti-GST antibodies.
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Figure 3.6 Knock-down of Prp4 expression does not increase pheromone sensitivity. Pheromone responsive 
transcription reporter assay. The TO-PRP4 strain was transformed with the FRE-lacZ plasmid and treated with 
indicated doses of doxycycline for 15 hours followed by stimulation with α-factor for 90 min. Induction of β-
galactosidase was measured spectrophotometrically. This figure was generated by Steven Cappell (Dohlman 
Lab, UNC Chapel Hill). 
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CHAPTER 4 
 
Pheromone Stimulated Phosphorylation of the Yeast Gβ Ste4 
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SUMMARY 
 The Gβ subunit in the Saccharomyces cerevisiae pheromone response pathway 
becomes rapidly phosphorylated upon pheromone stimulation on serine and threonine 
residues. The MAP kinsase in the pheromone response pathway, Fus3, has been implicated 
as the kinase that phosphorylates Ste4, however direct evidence for this has been lacking. 
Moreover, the functional consequences of this event are unknown. In the work presented 
here I have now shown that Fus3 is not the kinase that phosphorylates. My results indicate 
that the Ste4 kinase is likely downstream of Fus3 mediated signaling. Future work with this 
project will focus on determining any kinases that are activated through Fus3 are directly 
responsible for the pheromone stimulated phosphorylation of Ste4.    
 
INTRODUCTION 
 In the yeast Saccharomyces cerevisiae mating between haploid a and α cell types is 
mediated by a G protein signaling apparatus. Cell-type specific mating pheromones (a-factor 
is produced and secreted by MATa cells and α-factor is produced and secreted by MATα 
cells) are detected by G protein coupled receptors on the opposite mating type. Pheromone 
binding to a GPCR promotes cell-cell fusion by initiating a cascade of events leading up to 
mating: cell cycle arrest, new gene transcription, and morphological changes (22).  
 The mating pathway in S. cerevisiae is one of the best understood G protein signaling 
pathways. Pheromone binding to the cell surface GPCR promotes exchange of GDP for GTP 
by the Gα Gpa1 which results of the dissociation of Gβγ (Ste4/Ste18) from the Gα leaving 
both components free to activate downstream effectors. The GTPase activity of Gpa1 
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hydrolyzes GTP to GDP leading to the reassociation of the Gαβγ heterotrimer and 
termination of the signal (21). 
The Gβ Ste4 interacts with three downstream effectors: Cdc24 (135), Ste5 (136-138), 
and Ste20 (86). Cdc24 is indirectly activated via the Far1 cyclin-dependant kinase inhibitor 
(139).  Cdc24 also functions as the GDP-GTP exchange factor for Cdc42 (140); this 
activation is results in the morphological changes required for mating (141).  Ste5 functions 
to organize the components of the MAP kinase signaling cascade (Ste11, Ste7, and Fus3) 
into an active complex (142, 143). The MAP kinase complex is recruited to the plasma 
membrane in response to pheromone where Ste5 interacts directly with Ste4 (144). Ste20 is a 
protein kinase directly activated by Ste4 (86) that in turn activates the MAP kinase cascade 
held together by Ste5 (145). Signaling through the MAP kinase cascade leads to the 
activation the transcription factor Ste12 by Fus3 which in turn activates new transcription of 
mating related genes (146, 147). Fus3 also phosphorylates the upstream kinase Ste7 (148), 
the MAP kinase scaffold Ste5 (149), the scaffold Far1 (146), and the RGS protein Sst2 (150).  
Upon pheromone stimulation Ste4 becomes rapidly phosphorylated on multiple 
residues (58). Two different mutations in Ste4 (T320A/S335A and T322A/S225A) have been 
shown to remain unphosphorylated after pheromone treatment; however these mutations 
caused no change in gene transcription, mating efficiency, growth arrest, or morphology 
(59). Fus3 has been implicated as the kinase responsible for this phosphorylation event (59), 
but direct evidence is lacking.  
In the mammalian system one example of agonist-induced phosphorylation of a Gβ 
subunit has been reported. In response to chronic morphine stimulation Gβ becomes 
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phosphorylated causing a decreased ability to interact with Gα and thus increased 
downstream signaling (60, 61, 151).  
In this study, we have sought to identify the kinase responsible for pheromone 
stimulated phosphorylation of Ste4 and the functional consequences of this modification. 
Based on previous studies, we hypothesize that Fus3 or a kinase downstream of Fus3 is 
responsible for phosphorylation of Ste4. The previous studies on the affects of Ste4 
phosphorylation focused on long-term signaling phenotypes, such as new gene transcription 
growth arrest. Therefore, we speculate that loss of phosphorylation will cause defects in short 
term signaling phenotypes, such as G protein reassociation or MAP kinase activation 
kinetics.  
 
MATERIALS AND METHODS 
 Strains and Plasmids - Standard methods for the growth, maintenance, and 
transformation of bacteria and yeast and for the manipulation of DNA were used throughout. 
Yeast Saccharomyces cerevisiae strains used in this study were BY4741 (MATa leu2Δ 
met15Δ his3Δ ura3Δ), and BY4741-derived gene deletion mutants (Invitrogen).  
Yeast shuttle plasmids pRS315-ADH (CEN, ampR, LEU2, ADH1 
promoter/terminator) and pRS316-ADH (CEN, ampR, URA3, ADH1 promoter/terminator) 
(67) were modified by PCR amplification and subcloning of the STE4 coding region such 
that a FLAG (GAT TAC AAG GAT GAC GAC GAT AAG) or Myc (GAA CAA AAA TTG 
ATT TCT GAA GAA GAT TTG) epitope could be added to the 3’ coding sequence via a 
XmaI site engineered in-frame with the open reading frame.  
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 Purification of Proteins from Yeast - Transformed strains were grown to A600nm ~ 1.0, 
harvested by centrifugation and resuspended in FLAG Lysis Buffer (50 mM Tris pH 8.0, 200 
mM NaCl, 1 mM EDTA, 3 mM MgCl2, 25 mM β-glycerolphosphate, 1.0% Triton-X100, 
10% Glycerol, protease inhibitor cocktail pellets [Roche, 1 pellet/25 ml buffer]). Cells were 
lysed by vortexing with glass beads for 40 min at 4 oC. Lysates were rocked at 4 oC for 30 
min to solubilize membrane proteins, and centrifuged once at 6,000 x g for 1 min and again 
for 30 min to remove insoluble matter. Protein content of the supernatant was determined by 
DC Protein Assay (Bio-Rad), equalized, and mixed with 50 μl of M2 FLAG Affinity Resin 
(Sigma) equilibrated with FLAG Lysis Buffer. After 2 h of gentle rocking at 4 oC, the resin 
was collected by centrifugation at 500 x g for 1 min. Resin was washed 4 times with 1.5 ml 
of FLAG Wash Buffer (50 mM Tris pH 8.0, 150 mM NaCl, 1 mM EDTA, 3 mM MgCl2, 25 
mM β-glycerolphosphate, 0.1% Triton-X100, 10% Glycerol) and bound proteins were eluted 
twice with 50 μl of 3X FLAG Peptide (Sigma) in FLAG Wash Buffer. Samples were 
resolved by SDS-PAGE and immunoblotting with 9E10 anti-Myc (70) and anti-FLAG 
monoclonal antibodies (Sigma), in conjunction with enhanced chemiluminescence detection 
of horse radish peroxidase-conjugated secondary antibodies. 
 Preparation of protein extracts for immunoblotting. Cell pellets from strains were 
collected by centrifugation and resuspended in 200 μl ice cold TCA Lysis Buffer (10 mM 
Tris-HCl, pH 8.0, 10% Trichloroacetic acid (TCA), 25 mM NH4OAc, 1 mM Na2EDTA) and 
200 μl of acid-washed glass beads were added to each sample. Cells were lysed by vortexing 
5 times, 30 sec each, with cooling on ice for 30 sec in between. Cell lysate was transferred to 
a new tube and centrifuged for 10 min at 16,000 x g at 4 oC to collect precipitated protein. 
Supernatant was aspirated off and protein pellet was resuspended in 100 μl TCA 
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Resuspension Buffer (0.1 M Tris-HCl, pH 11.0 3% SDS). Samples were boiled for 5 min and 
allowed to cool to room temperature before centrifuging for 30 sec at 16,000 x g at room 
temperature to remove insoluble cellular debris. The resulting protein extracts were analysed 
for protein content using the DC Protein Assay (Bio-Rad) and the protein content of the 
samples equalized. Ten μg of protein was resolved by SDS-PAGE and immunoblotted with 
anti-Ste4 at 1:2000 (from D. Jenness, University of Massachusetts) and anti-p44/p42 MAPK 
at 1:500 (Cell Signalling Technology) antibodies in conjunction with enhanced 
chemiluminescence detection of horse radish peroxidase-conjugated secondary antibodies. 
 Purification of Protein from E. coli. GST-Fus3 and GST-Fus3K42R were generously 
provided by Janna Slessareva (Dohlman Lab, UNC Chapel Hill). The purification was done 
as described previously (152). 
 Kinase Assays. 4 μg of GST-Fus3 and GST-Fus3K42R were pre-incubated in 40 μl of 
Kinase Buffer (25 mM HEPES, pH 7.5, 10 mM MgCl2, 150 mM NaCl, 25 mM β-
glycerolphosphate, 0.3 mM ATP) for 1 hour at 30 oC. Next, 40 μl of eluted protein from 
FLAG purification of fus3Δkss1Δ yeast cells expressing either Ste4-FLAG or Ste4-Myc (or, 
as a reaction control, additional GST-Fus3 or GST-Fus3K42R) was added along with 6 μCi [γ-
32P]-ATP (Perkin-Elmer) and incubated for 12 hours at 30 oC. The reaction was terminated 
by the addition of 6X SDS-PAGE sample buffer. Samples were boiled for 5 min and 
resolved by SDS-PAGE and stained with Coomassie Brillant Blue (Bio-Rad). 32P 
incorporation was detected by autoradiography (152). Additional sample was also 
immunoblotted with anti-Ste4 antibodies to confirm purification.  
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RESULTS 
 Fus3 and Kss1 are required for full pheromone dependent phosphorylation of Ste4. It 
had been shown previously that deletion of FUS3 resulted in approximately 50% less 
phosphorylation of Ste4 while deletion of KSS1 did not have any effect (59). However, Fus3 
and Kss1 are partially functionally redundant proteins (153). Therefore, we determined how 
deletion of both FUS3 and KSS1 affected pheromone dependant phosphorylation of Ste4. 
Phosphorylation of Ste4 can be monitored by using a gel mobility shift assay. Upon 
phosphorylation, the mobility of Ste4 is sufficiently decreased that it can be detected by 
immunoblotting with anti-Ste4 antibodies. Figure 4.1 shows that in the fus3Δkss1Δ strain the 
pheromone stimulated phosphorylation of Ste4 is substantially reduced compared to wild-
type and the individual deletion strains, but is not completely abolished. Disruption of the 
upstream kinase Ste20 has a similar result, while individual deletions of FUS3 or KSS1 has 
minimal effect. This result indicates that Fus3, Kss1, or a kinase downstream of these 
proteins is likely responsible for the pheromone stimulated phosphorylation of Ste4.  
  Fus3 does not directly phosphorylate Ste4. Fus3 is the primary MAP kinase in the 
pheromone response pathway, and previous results implicate Fus3 as the kinase responsible 
for the phosphorylation of Ste4 (58, 59). Therefore, we sought to demonstrate that Fus3 
directly phosphorylates Ste4 using purified proteins in an in vitro kinase reaction.  GST-Fus3 
and GST-Fus3K42R were purified from E. coli and Ste4-FLAG was purified from a 
fus3Δkss1Δ yeast strain.  By using purified kinases we could eliminate the possibly that 
activity would require additional co-factors or modifications as they would be lacking in E. 
coli; and by purifying Ste4-FLAG from unstimulated yeast lacking FUS3 and KSS1 we could 
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ensure that any downstream kinases would remain inactive. As an additional control, we 
purified protein from fus3Δkss1Δ cells expressing Ste4-Myc using the anti-FLAG resin to 
eliminate any non-specific interactions. In the first experiment, we used the mobility shift 
assay to determine if Ste4 could be phosphorylated by Fus3, in vitro. As shown if Figure 
4.2A, Ste4 has no gel mobility shift when mixed with either active Fus3 or the catalytically 
dead Fus3K42R. However, with this technique I could not be sure that the purified kinase was 
active. Therefore, I repeated the assay using 32P incorporation as the indication of 
phosphorylation. In this experiemnt, Fus3 and Fus3K42R are preactivated (auto-
phosphorylated) using “cold” ATP. Once the kinases have been preactivated, purified Ste4-
FLAG (or a mock purification from cells expressing Ste4-Myc) is added to the assay mixture 
along with a bolus of “hot” [γ-32P]-ATP. A second sample of Fus3 and Fus3K42R are activated 
using “hot” [γ-32P]-ATP to ensure that the Fus3 I am using can autophosphorylate and 
Fus3K42R cannot. As shown in Figure 4.2B, no 32P incorporation into Ste4 can be detected 
under any assay conditions (the dots on the autoradiograph indicate where the purified Ste4 
migrates on the gel). In lane 5 on the autoradiograph (Blank/Fus3) in Figure 4.2B, you can 
see that the Fus3 used in the assay is autophosphorylated and thus active; the catalytically 
dead Fus3K43R remains unphorphorylated, as expected.  This result demonstrates that Ste4 is 
not directly phosphorylated by Fus3; indicating that Fus3 is not the kinase responsible for 
pheromone stimulated phosphorylation of Ste4.  
Pheromone dependent Fus3 activation and Ste4 phosphorylation have different 
kinetics. Pheromone dependant activation of Fus3 over time can be monitored by 
immunoblotting with phosphospecific antibodies (74). To determine how pheromone 
activation of Fus3 correlates with phosphorylation of Ste4 I monitored the activation state of 
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Fus3 and the phosphorylation state of Ste4 over time following stimulation with α-factor. In 
wild-type cells, Ste4 starts becoming phosphorylated 5 min after α-factor stimulation and 
continues to become increasing phosphorylated for 60 minutes (Figure 4.3). From 60 min 
after α-factor stimulation through 120 min there is no further increase in Ste4 
phosphorylation. This is in contrast to Fus3 activation, which starts at 5 min and continues to 
increase until the 60 min time point but then decreases between the 60 and 120 min data 
points. This result indicates that once Fus3 is no longer highly active, Ste4 is not further 
phosphorylated. Therefore Fus3 likely plays a role in Ste4 phosphorylation. But, as I have 
shown that Fus3 cannot directly phosphorylate Ste4, I believe that a kinase activated through 
Fus3 is responsible for the direct Ste4 phosphorylation in response to pheromone.  
 
DISCUSSION 
The Gβ subunit in the pheromone response pathway is rapidly phosphorylated 
following pheromone stimulation (58, 59). Fus3 has long been implicated as the Ste4 kinase, 
but direct evidence has been lacking. In addition, it is not known why Ste4 is phosphorylated.  
In this study, I have sought to determine if Fus3 is the kinase responsible for the 
pheromone stimulated phosphorylation of Ste4 and the functional consequences of this event. 
I have demonstrated that Fus3 is not the kinase that phosphorylates Ste4, but speculate that a 
kinase downstream of Fus3 is responsible. It has recently been shown that the G1 CDK 
(cyclin dependant kinase) complex containing Cln2 and Cdc28 directly phosphorylates the 
kinase scaffold Ste5 after pheromone stimulation (154). The G1 CDK becomes activated 
only after the cells pass into the G1 stage of the cell cycle. Once activated, the CDK 
phosphorylates Ste5 and the MAP kinase cascade can no longer associate with the plasma 
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membrane and signaling from the Gβγ can no longer occur through the MAP kinase cascade 
(154).  This cyclin-dependant mechanism provides an elegant way to ensure that pheromone 
signaling continues until the cells are properly arrested in G1 in preparation for mating.  
As Far1 and thus the G1 CDK are downstream of Fus3, Cdc28 is a likely candidate 
for Ste4 phosphorylation. Cdc28 becomes active upon complex formation with G1 cyclins 
(Cln1, Cln2, or Cln3) and overexpression of the cyclin is sufficient to activate the CDK. 
Future work with this project will focus on determining if the G1 CDK, specifically 
Cln2/Cdc28, is responsible for Ste4 phosphorylation following pheromone stimulation. Once 
I have determined the kinase responsible for the phosphorylation I will then focus on 
determining the consequences of the phosphorylation. As stated in the introduction, I 
hypothesize that the phosphorylation of Ste4 regulates short term signaling phenotypes, 
namely MAP kinase activation kinetics and G protein reassociation. To test this hypothesis I 
will monitor the activation of Fus3 following α-factor stimulation using phosphospecific 
antibodies. In this experiment I will compare the activation kinetics in yeast strains 
expressing wild-type Ste4 or a Ste4 in which the phosphorylation sites have been mutated to 
alanine (which cannot be phosphorylated). To determine if Ste4 phosphorylation affect G 
protein reassociation, I will attempt to use Gα-Gγ FRET (Flourescence Resonance Energy 
Transfer) to monitor the dissociation and reassociation rates of the G protein heterotrimer 
(155). In FRET assays, one protein is fused to YFP and a second interacting protein is fused 
to CFP. Excitation of the YFP results in an emission at a wavelength that excites CFP. The 
emission of CFP can then be monitored spectrophotometrically. In my experiment, Gpa1 
(Gα) will be is fused to YFP and Ste18 (Gγ) will be fused to CFP. When the G proteins are 
inactive, excitation of YFP will result in emission by CFP. When the G proteins are activated 
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by α-factor the Gα rapidly dissociates from the Gβγ and there is a resulting loss of the FRET 
signal. Once the heterotrimer reassociates, the FRET signal returns (155). To determine if 
Ste4 phosphorylation affects G protein reassociation rate of the G protein, I will compare the 
reassociation rates of the heterotrimer using wild-type Ste4 or the Ste4 in which the 
phosphorylation sites have been mutated to alanine. 
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original work. I would like to thank Janna Slessareva (Dohlman Lab) for providing the 
purified Fus3 and Fus3K42R, and Janice Jones (Dolhman Lab) for her assistance with 
optimizing the kinase assay protocols.  
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Figure 4.1 Fus3 and Kss1 are required for full phosphorylation of Ste4 in response to pheromone.  Immunoblots 
of WT, ste4Δ, ste20Δ, fus3Δ, kss1Δ, and fus3Δkss1Δ cells following pheromone stimulation. Whole cell lysates 
from strains untreated or treated with 3μM α-factor for 90 minutes were resolved by SDS-PAGE and 
transferred to nitrocellulose membrane. Ste4 protein was detected by immunoblotting with anti-Ste4 antibodies. 
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Figure 4.2 Fus3 does not directly phosphorylate Ste4. To determine whether Fus3 phosphorylates Ste4, Ste4-
FLAG was purified from fus3Δkss1Δ yeast cells (or a mock purification from cells expressing Ste4-Myc) and 
used as a substrate for recombinant Fus3 in an in vitro kinase reaction. To verify that phosphorylation is 
mediated by Fus3 and not a contaminating kinase, the same experiment was performed using a catalytically 
inactive mutant, Fus3K42R.  Fus3 fusion proteins were pre-activated incubation with “cold” ATP for 45 min. 
Potential phosphorylation of Ste4 was monitored by immunoblotting with anti-Ste4 antibodies (A) or detection 
of 32P incorporation by autoradiography (B). In panel B, the Blank lanes are a positive control in which Fus3 or 
FusK42R are activated hot ATP; black dots indicate where Ste4 migrates on the gel. 
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Figure 4.3 Ste4 phosphorylation and Fus3 activation kinetics. Immunoblot of Ste4 and phospho-Fus3 following 
pheromone treatment. Wild-type and ste4Δ cells were treated with 3 μM α-factor for the indicated time period. 
Cells were then lysed, and the proteins extracted with TCA and 10 ng of protein was resolved by SDS-PAGE 
and transferred to a nitrocellulose membrane. Ste4 and phospho-Fus3 protein was detected by immunoblotting 
with anti-Ste4 or anti-p44/p42 antibodies (respectively).
 
 
CHAPTER 5 
 
General Discussion and Future Directions 
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GENERAL DISCUSSION 
When first identified, it was believed that the sole function of Gβγ subunits was to 
regulate the Gα subunit, by targeting the Gα the plasma membrane and inhibiting 
spontaneous nucleotide exchange. Gβγ subunits are now appreciated as contributing to 
signaling independently of Gα subunits through interaction with and regulation of unique 
downstream effectors (reviewed in (8)).  
Traditional Gβ subunits have a defined set of characteristics and functions. 
Structurally, the N-terminus has an α-helical domain and the C-terminus contains 7 WD 
repeats and folds into a β-propellor structure (9). Functionally, the Gβγ heterodimer targets 
the Gα to the plasma membrane, couples the Gα to the receptor, inhibits spontaneous 
nucleotide exchange by the Gα, interacts with the Gα in a direct and nucleotide dependent 
manner, interacts directly with Gγ subunits, and interacts with and regulates downstream 
effectors molecules (3).  
In recent years, a number of non-traditional (or atypical) Gβ subunits have been 
identified in fungi: Gib2 in Cryptococcus neoformans (102), Gnr1 in Saccharomyces pombe 
(103), and Vps15 and Asc1 in Saccharomyces cerevisiae (24, 156). These Gβ subunits are 
atypical because they do not have all of the traditional Gβ characteristics or perform 
traditional functional roles.   
Gib2 was identified in a two-hybrid screen as interacting with the Gα Gpa1 and two 
Gγ-like proteins Gpg1 and Gpg2. Through overexpression and suppression studies, it was 
shown that Gib2 functions to positively regulate cAMP production.  Gib2 is classified as 
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atypical because it has not been shown to directly interact with Gα or Gγ; nor has it been 
shown to localize the Gα to the plasma membrane and couple it to the receptor (102).  
In Chapter 2 of this thesis, I described the identification and characterization of Asc1 
as an atypical Gβ that functions in glucose signaling through cAMP. Like Gib2, Asc1 
functions to regulate cAMP production; however Asc1 is a negative regulator that functions 
to suppress glucose mediated cAMP production. Asc1 is atypical because it does not have a 
known Gγ binding partner and does not function in targeting the Gα Gpa2 to the plasma 
membrane. Presumably Asc1 also does not couple Gpa2 to the receptor, as signaling 
thorough Gpa2 can still occur in the absence of ASC1 (156).  
Gnr1 was identified using a two-hybrid screen for proteins interacting with the Gα 
Gpa1. Deletion and overexpression analysis revealed that Gnr1 functions as a negative 
regulator of the Gα in the S. pombe pheromone response pathway. Like Asc1, it does not 
appear that Gnr1 is required for coupling of the Gα to the receptor, and there is not an 
apparent Gγ (103).  
Vps15 is the regulatory subunit of the phosphatidylinositol 3-kinase (157). Unlike 
traditional Gβ subunits, Vps15 contains a large C-terminal regulatory domain, while the N-
terminus is predicted to contain 7 WD repeats and assume a β-propeller structure (24). In the 
S. cerevisiae pheromone response pathway Vps15 interacts with Gpa1 in the manner of a 
traditional Gβ subunit; that is, Vps15 prefers the GDP-bound form of Gpa1 over the GTP-
bound, and Vps15 targets Gpa1 to a membrane. However in this case it’s the endosomal 
membrane, not the plasma membrane. At the endosome, Gpa1 regulates the activation of the 
phosphatidylinositol 3-kinase (Vps34) to produce the second messenger 
phosphatidylinositol-3-phosphosphate (24).  
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The Gβ5 isoform of Gβ subunits could also be considered atypical. Like other Gβ 
isoforms, Gβ5 interacts with Gγ subunits (158), but unlike the others Gβ isoforms Gβ5 can 
also interact with RGS proteins from the R7 family (RGS6, RGS7, RGS9, and RGS11) (15). 
Also unlike the other 4 Gβ isoforms, the Gβ5/RGS heterodimer interacts with the active 
GTP-bound form of Gα subunits and functions as a GDI (3).    
Phylogenetic analysis of mammalian and fungal Gβ subunits reveales that Gib2 and 
Asc1 are most closely related the human protein RACK1, while Gnr1 and Vps15 are related 
to each other but are the most divergent from Gβ1-Gβ4 (Figure 5.1). RACK1 is a 
multifunctional protein that interacts with numerous proteins and is expressed in most tissues 
in humans, suggesting that it is a protein that is important for general cellular function (159, 
160). Numerous studies have detailed the interactions of RACK1 with binding partners. 
Research has shown that different proteins interact with different surfaces of RACK1 (161). 
These finding suggest that RACK1 serves as a signaling scaffold for many different 
pathways and processes. Asc1 is also a multifunctional protein, and given the sequence 
homology with RACK1, it seems likely that Gnr1 is also multifunctional. Mine and others 
recent findings in multiple fungi species suggest that the superfamily of Gβ proteins may be 
far larger and more complex than appreciated.   
 
FUTURE DIRECTIONS 
 While the research presented in this thesis expands the understanding of signaling by 
Gβ subunits in yeast, there are still unanswered questions. As described in detail in my thesis 
proposal, it was my original intent to (i) identify and characterize the Gβ subunit in the 
glucose signaling pathway, (ii) determine if yeast have a Gβ5-like protein and characterize 
 87 
 
the function of the Gβ5 subunit in RGS protein function by using the yeast pheromone 
response pathway, and (iii) screen a library of essential genes for new components of the 
pheromone response library. Aim 1 was successfully completed as described in Chapter 2. I 
have identified the protein Asc1 as the Gβ that functions in the yeast glucose signaling 
pathway. For Aim 2, I identified Prp4 as a candidate Gβ5-like protein and have shown that it 
interacts with both yeast Gα subunits and the RGS protein Sst2. However, I was unable to 
biochemically characterize Prp4 because of an inability to express and purify the protein 
from an exogenous source (Chapter 3). Finally, Aim 3 of my thesis proposal (screening a 
library of essential genes for novel regulators of the pheromone response pathway) was 
completed by Steve Cappell, a member of the Dohlman laboratory, and as such has not been 
included in this thesis. Chapter 4 of this thesis describes a fourth Aim that was not described 
in my thesis proposal. The purpose of this project was to identify the kinase responsible for 
pheromone induced phosphorylation of the Gβ Ste4 and determine the functional 
consequences of the phosphorylation event. While we have not been able to identify the 
kinase, we have been able to eliminate the obvious candidate, Fus3.   
 
GLUCOSE SIGNALING 
 The S. cerevisiae G protein mediated glucose signaling pathway is much less 
understood than the pheromone response pathway. Now that we have determined that Asc1 
is the Gβ subunit for Gpa2, the obvious next question is what is the Gγ? However, we 
hypothesize that Asc1 does not have a Gγ subunit because: (i) Asc1 does not have the N-
terminal α-helical domain required for Gγ interaction, (ii) deletion of ASC1 does not affect 
localization of Gpa2, and (iii) Asc1 is present in the cytoplasm in a least a 35-fold excess 
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over Gpa2, so it does not require a Gγ to localize to the plasma membrane where it inhibits 
signaling by Gpa2.  The high cellular content of Asc1 translates to there being enough Asc1 
molecules generally localized at the plasma membrane to complex with Gpa2 without the 
assistance of a Gγ to specifically target the Gβ to the plasma membrane. As summarized in 
Figure 2.5, in the absence of glucose, Asc1 represses signaling by Gpa2 by acting as a GDI; 
however, when activated by glucose Asc1 is released from Gpa2 where it interacts with the 
downstream adenylyl cyclase and inhibits production of cAMP. When unstimulated, the 
parallel MAP kinase cascade is also inhibited by Asc1, possibly through interaction with 
Ste20. While Ras2 is upstream of both the MAP kinase cascade and the adenylyl cyclase, the 
upstream protein(s) that receives and transmits the glucose signal is unknown.  
Identifying the cell surface receptor that detects the presence of glucose and transmits 
that signal through the MAP kinase cascade could provide new insights into how glucose and 
other nutrient sources are detected. Yeast have two glucose sensors that are homologous to 
hexose transporters, Rtg2 and Snf3, but do not have the capacity to transport sugars into the 
cells (162). The exact nature of the downstream signals are unknown, however they are 
responsible for glucose responsive changes in transcription, both induction and repression; 
and they do not affect glucose stimulated production of cAMP (163). As the upstream 
protein(s) responsible for the activation of the glucose responsive MAP kinase cascade are 
unknown and Rtg2 and Snf3 are the only other known cell surface proteins that have been 
implicated in glucose signaling, we wanted to determine if Rgt2 or Snf3 were required for 
glucose mediated activation of Kss1. We compared the glucose activation of Kss1 in a wild-
type strain and isogenic mutant strains lacking RGT2 or SNF3. Kss1 kinase activation was 
monitored using phospho-p42/p44 antibodies, which recognize the dually-phosphorylated 
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and activated forms of both Kss1 and Fus3 (74). As shown in Figure 5.2, deletion of neither 
RGT2 nor SNF3 resulted in a significant change in the activation of Kss1. Thus it is unlikely 
that these glucose sensors are acting upstream of the glucose MAP kinase cascade.  
Given the resources available for high throughput screening in yeast, I propose that 
the glucose receptor upstream of the MAP kinase cascade can be identified using a genetic 
screen. Individual deletion or tetracycline repressive (Tet-off) strains can be screened for 
altered glucose stimulated activation of Kss1 using phosphspecific antibodies. Once 
candidate proteins that alter the glucose mediated activation of Kss1 are identified, genetic 
epistasis experiments can be performed to determine where in the signaling pathway the 
candidates are functioning. Further characterization of these proteins may identify potential 
drug targets for treating human sugar related disorders, such as obesity and diabetes.  
The rates of diabetes diagnoses is increasing (164), so understanding glucose 
signaling is becoming an important issue in human health and disease. Glucose signaling in 
any organism is a highly complex and highly regulated process. However, given the ease 
with which yeast can be manipulated and screened, it will be much easier to understand the 
intricacies and nuances of glucose signaling in yeast and then translate this information to 
mammalian glucose signaling.  
 
Gβ5 AND RGS SIGNAL REGULATION 
 RGS proteins are one of the most important protein families that regulate signaling by 
heterotrimeric G proteins. Since the discovery of RGS proteins as GAPs, the importance of 
determining how these proteins function has been paramount. Only the R7 family of RGS 
proteins requires a binding partner to function as a GAP. Without the Gβ5 the RGS proteins 
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is unstable and is rapidly degraded; without the RGS protein the Gβ5 is unstable and rapidly 
degraded (3). With the R7 RGS and Gβ5 proteins, the question has always been why this is 
the case. Because the yeast pheromone response pathway is so well characterized, we hoped 
to use it as a tool to determine the function of the Gβ5 in RGS signal regulation. However, 
the RGS protein in the pheromone response pathway does not have a known Gβ5-like 
binding partner; nor does it have a GGL domain that is found in all other R7 RGS family 
members. I have shown that the yeast protein Prp4 interacts with both yeast Gα subunits and 
the R7-like RGS protein Sst2, however I could not determine if the interaction between Prp4 
and these proteins was functional by demonstrating altered GTP hydrolysis rates on the Gα 
Gpa1.  
 In order to determine if Prp4 is functioning as a Gβ5, an in vitro assay using purified 
components needs to be performed. However, I have thus far been unable to express Prp4 in 
either E. coli or SF9 insect cells. Given that expression and protein stability of R7 RGS 
proteins requires coexpression of the Gβ5 subunit, this was not entirely unexpected. 
Therefore I propose that in order to show whether Prp4 is a Gβ5-like subunit, both proteins 
(Prp4 and Sst2) should be co-expressed, first in E. coli and then in SF9 insect cells if 
necessary. If Prp4 can be purified along with Sst2, the biochemical assays necessary to show 
that the Prp4/Sst2 complex functions as a GAP towards Gpa1 can be performed. If the 
Prp4/Sst2 heterodimer does function as a GAP in vitro, we can then move back into the cell 
and try to determine the function of the Gβ5 in RGS signaling in vivo.  
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STE4 PHOSPHORYLATION 
 The Gβ in the pheromone response pathway, Ste4, is rapidly phosphorylated in 
response to pheromone treatment. However, the kinase responsible and the functional 
consequences of the phosphorylation are unknown. There is only one other report of agonist 
stimulated phosphorylation of a Gβ subunit; the mammalian Gβ that functions in morphine 
signaling is phosphorylated in response to chronic morphine stimulation.  When Gβ becomes 
phosphorylated it causes a decrease in the ability of Gβ to interact with Gα and thus 
increases downstream signaling (60, 61, 151). 
 The MAP kinase Fus3 has been the prime candidate for the kinase that 
phosphorylated Ste4. However, using purified components I have now shown that Fus3 does 
not phosphorylate Ste4; but the in vitro results do suggest the Ste4 kinase is downstream of 
Fus3. It has recently been shown that a G1 CDK containing Cln2 and Cdc28 directly 
phosphorylates the kinase scaffold Ste5 after pheromone stimulation in a Far1 dependent 
manner (154). This mechanism provides an elegant way to ensure that pheromone signaling 
continues until the cells are properly arrested in G1 in preparation for mating. Far1 and thus 
the G1 CDK are downstream of Fus3, so Cdc28 has become a good candidate for Ste4 
phosphorylation. Early studies on Ste4 phosphorylation showed that Ste4 phosphorylation 
occurs on serine and threonine residues; and Cdc28 is known to phosphorylate serine and 
threonine residues that are followed by prolines.  
Determining if Cdc28 phosphorylates Ste4 is relatively straightforward. Cdc28 
becomes active upon complex formation with G1 cyclins (Cln1, Cln2, or Cln3) and 
overexpression of the cyclin is sufficient to activate the CDK. I am currently performing 
experiments to determine if the G1 CKD phosphorylates Ste4. In these experiments, wildtype 
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or ste4Δ cells are expressing a galactose inducible CLN2 gene that has been integrated into 
the genome. Cells will be grown in glucose, split and then half will be transferred to 
galactose media to induce expression of CLN2. Expression of CLN2 is sufficient to activate 
the G1 CDK and Ste4 phosphorylation can be monitored by immunoblotting with antibodies 
against Ste4 as there is a decreased mobility shift in Ste4 upon phosphorylation.  
Once the kinase responsible for Ste4 phosphorylation is determined it will then be 
easier to determine the functional consequences of the phosphorylation. Using Ste5 
phosphorylation as an example, if Ste4 is phosphorylated by the G1 CDK, then is seems 
likely that Ste4 phosphorylation also modulates signaling only after cells have passed into G1 
in preparation for mating; possibly by providing additional inhibition the interaction between 
Ste4 and the MAP kinase cascade.  
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Figure 5.1 Phylogenetic analyses of typical and atypical Gβ subunits. Protein sequences were aligned using the 
ClustalW alignment and the tree generated by POWER (http://power.nhri.org.tw/power/home.htm). 
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Figure 5.2 Rgt2 and Snf3 do not regulate glucose mediated activation of Kss1. WT, rgt2Δ, and snf3Δ strains 
were grown to saturation, washed, and further starved for 2 h before treatment indicated dose of glucose for 90 
min. Samples were removed and flash frozen in liquid nitrogen. Proteins were extracted with trichloroacetic 
acid and 50 ng of protein was resolved by SDS-PAGE and immunoblotting against a phospho-specific p44/42 
antibody. 
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APPENDIX I 
 
Illuminating Gβ5 Signaling
 
 
SUMMARY 
 Guanine nucleotide binding proteins (G proteins) are key intermediates in cellular 
signaling and act in response to a variety of extracellular stimuli. The prevailing paradigm is 
that G protein subunits form a heterotrimeric complex, and function principally at the plasma 
membrane. However, there is growing evidence for localization at, and signaling by, G 
proteins at intracellular compartments. Moreover, different cellular pools of G proteins may 
be composed of distinct subunit subtypes, including some binding partners that function in 
the place of G protein γ subunits. An article in this issue of Molecular Pharmacology 
describes the use of an innovative fluorescent cell imaging technique to study interactions of 
the G protein β5 subunit with a panel of Gγ subunits as well as RGS proteins that contain a 
Gγ-like subdomain. The approach used here provides a new strategy to elucidate the spatial 
and temporal properties of G proteins, including a growing number of atypical Gβγ pairings.  
 
 Heterotrimeric G proteins normally consist of α, β, and γ subunits and are coupled to 
seven transmembrane receptors at the plasma membrane. Agonist binding to the receptor 
induces a conformational change of the Gα subunit promoting the release of GDP and 
binding to GTP. This exchange triggers Gβγ disassociation from the Gα, freeing both 
components to modulate downstream signals. Hydrolysis of GTP to GDP by the Gα results 
in reassociation of the heterotrimer and termination of the signal (7).  
To date 23 Gα, 5 Gβ, and 12 Gγ subunits have been identified in the mammalian 
genome. Of the Gβ isoforms types 1-4 are highly conserved, sharing 80% sequence identity; 
but Gβ5 is divergent, sharing only 50% identity. Like other β isoforms, β5 interacts with Gγ 
subunits, but unlike the others Gβ5 can also interact with RGS proteins from the R7 family 
 97 
 
(RGS6, RGS7, RGS9, and RGS11) (15). Most RGS proteins regulate signaling by acting as 
GTPase accelerating proteins, increasing the rate of GTP hydrolysis causing a more rapid 
termination of the signal. Members of the R7 family of RGS proteins are defined as having a 
C-terminal RGS domain, a central GGL (Gγ-like) domain, and an N-terminal DEP 
(Dishevelled, Egl-10, Pleckstrin) domain. It is not clear why R7 RGS and Gβ5 proteins 
interact; however it has been shown that the interaction stabilizes the heterodimer against 
proteolysis (3).  
 The RGS/Gβ5 complex could be thought of as a highly atypical Gβγ pair. Others are 
likely to exist (see below). With the identification of such atypical signaling complexes, new 
techniques are needed to ascertain their function within the cell. Bimolecular fluorescence 
complementation (BiFC) is one promising technique (165). BiFC uses fragments of green 
fluorescent protein derivatives (YFP or CFP) each fused to interacting proteins. When not 
assembled the individual fusion proteins do not fluoresce; but when associated produce a 
fluorescent signal. This technique allows for the detection only of proteins that are in 
complex, and so can be used to monitor the interaction of defined Gβ and Gγ subunit 
subtypes. In addition, different pairs can be assembled to produce different color variants of 
GFP. Such multi-color BiFC allows for simultaneous visualization of two or more protein 
complexes within a single cell. Using these techniques, complex formation can be measured 
with both time and space.  
 In this issue of Molecular Pharmacology, Yost et al. use multi-color BiFC to 
investigate the ability of Gβ5 to interact with Gγ subunits and RGS7 in live cells, with and 
without other binding partners (Gα-GTP, Gα-GDP, and R7 Binding Protein (R7BP)). Using 
competition studies with heterologously expressed proteins these authors demonstrate that 
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Gβ5 prefers to interact with Gγ2 over other Gγ isoforms and that different Gβ5γ 
combinations activate phospholipase C β2 in proportion to their abilities to form complexes, 
providing the first comparison of Gβγ complex formation with functionality in living cells. 
Having shown a strong capability of Gβ5 to interact with Gγ2, the authors next sought to 
determine whether Gβ5 prefers to interact with Gγ2 or RGS7. Again using competition 
studies they show that Gβ5 prefers Gγ2 over RGS7; but when co-expressed with R7BP, Gβ5 
is able to form complexes equally well with both Gγ2 and RGS7. Both Gβγ and Gβ5-RGS 
complexes interact with Gα subunits, the Gβγ with inactive (GDP-bound) Gα and the Gβ5-
RGS with active (GTP-bound) Gα, and both Gα and Gγ subunits contain lipid modifications 
that target the entire Gαβγ heterotrimer to the plasma membrane. Using BiFC these authors 
suggest that the activated Gα is partially responsible for recruitment of the Gβ5-RGS7 
complex to the plasma membrane, while non-activated Gα is complexed with Gβγ at the 
plasma membrane. When taken together, these data indicate that Gβ5 associates with 
different partners, depending on their relative abundance and the presence of secondary 
binding partners; and it is these binding partners that dictate cellular localization of the 
complex.  
The issue of whether Gβ5 interacts with both R7 family RGS proteins and Gγ 
subunits has been controversial.  The results of Yost et al. demonstrate that BiFC can be 
valuable for analyzing protein-protein interactions that have proven refractory to 
conventional biochemical methods.  Although Gβ5γ2 can regulate effectors, Gβ5 has thus far 
only been co-purified with R7 proteins (122).  The instability of Gβ5γ2 under nondenaturing 
buffer conditions may explain this discrepancy (166, 167).  
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A current limitation of BiFC is that it may stabilize transient interactions, because the 
formation of the fluorescent complex is generally thought to be irreversible (165). However, 
it is possible that variants of the fluorescent fragments could be engineered that can associate 
reversibly. Nevertheless the BiFC technique will be very useful in identifying and localizing 
atypical G protein complexes in intact cells.  
In the classical model of signaling by heterotrimeric G proteins the α, β, and γ 
subunits are anchored to the plasma membrane (168). However, pools of G proteins have 
been found at intracellular compartments (169) and recent reports have demonstrated that Gα 
subunits can transmit a signal from internal membranes and that atypical Gβ subunits can 
regulate signaling. In the Saccharomyces cerevisiae pheromone response pathway, the Gα 
protein is localized to the plasma membrane, but is also present at the endosome where it 
activates production of the second messenger phosphatidylinositol 3-phosphate. The Gβγ 
remains at the plasma membrane and activates a MAP kinase cascade. A second atypical Gβ 
is found at the endosome, where it functions as a regulatory subunit of the 
phosphatidylinositol 3-kinase (24). Additional examples of atypical Gβ subunits have been 
identified in fungi (101); Gib2 in Cryptococcus neoformans (102), Asc1 in Saccharomyces 
cerevisiae (156), and Gnr1 in Saccharomyces pombe (103). Gib2 and Asc1 share sequence 
similarity with human RACK1 (Receptor for Activated C Kinase 1) and both function in 
glucose signaling through cAMP, Gib2 to activate signaling by the adenylyl cyclase and 
Asc1 to repress it. Gnr1 functions as a negative regulator of the Gα in the pheromone 
response pathway.  These findings in fungi suggest that the superfamily of G proteins may be 
far larger and more complex than previously recognized.  With the identification of new G 
proteins and the abilities of some of these proteins to propagate signaling from intracellular 
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compartments the BiFC technique will undoubtedly prove useful in establishing their spatial 
and temporal signaling characteristics. 
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